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Abstract
The most commonly used piezoceramic is lead zirconate titanate Pb(ZrxTi1−x)O3 (PZT).
It possesses outstanding piezoelectric properties which can be modified for numerous appli-
cations by the addition of dopants. However, because of environmental and health concerns
regarding lead, lead-free alternatives are demanded by politics.
One of the two most promising lead-free replacement materials is the ferroelectric bis-
muth sodium titanate (Bi0.5Na0.5)TiO3 (BNT). Like PZT, it crystallizes in the perovskite
structure.
Since the dielectric and piezoelectric properties of pure BNT ceramics are insufficient
for application, BNT is often modified by the addition of dopants. These influence a great
variety of material properties to different degrees, e.g. the sintering behavior, the dielectric
and piezoelectric properties and their respective temperature stabilities. Doping of BNT
aims to decrease the sintering temperature in order to avoid Bi vaporization, to increase
the depolarization temperature and to enhance the piezoelectric coefficient.
The effects of numerous dopants on the resulting performance of BNT were studied
extensively in the literature. However, so far little attention has been payed to the way
in which dopants interact with the piezomaterial. Nevertheless, it is the understanding
of these relationships that would make targeted modifications and improvements of BNT
possible.
The primary goal of this study was to investigate and explain the effects of a model
dopant—cobalt—on the phase formation, sintering behavior and microstructure of BNT
as well as on the resulting dielectric and piezoelectric properties. In this regard, a core
issue was to determine the preferred lattice site of Co in BNT.
BNT was synthesized from oxide powders using the classic solid-state route and sintered
at temperatures ranging from 1000 ◦C to 1150 ◦C. Cobalt was added in concentrations
between 0.1 mol % and 2.6 mol % Co prior to the calcination as Co3O4.
About one third of the total cobalt amount was incorporated into the BNT lattice
on the perovskite B-site, that is, it substituted for Ti. The cobalt in BNT appeared to
be in equilibrium with the secondary phase Co2TiO4, which invariably formed at cobalt
concentrations greater than 0.1 mol % Co. For charge balancing reasons, oxygen vacancies
were created in the lattice of cobalt-doped BNT. These markedly enhanced the diffusivity.
As a result, the sintering temperature of doped BNT decreased with increasing cobalt
concentrations, and high final densities were achieved. However, in highly doped BNT
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sample swelling occurred at elevated temperatures of the sintering cycle. This phenomenon
was attributed to evaporating oxygen caused by the valence transition of Co3+ to Co2+.
Up to 950 ◦C, BNT was found to densify via solid state sintering mechanisms. Above
this temperature, a small amount of liquid phase was present, which probably formed from
decomposing BNT because of a slight Ti-deficiency due to doping. Increased Bi vaporiza-
tion from the melt above 1000 ◦C appeared to have stabilized sodium cobalt titanate, an
additional secondary phase.
The rotation of the iso-lines in the kinetic field diagram of doped BNT was interpreted
such that the activation energy for grain growth was higher than the activation energy for
densification. Possible reasons are the solute-drag effect and the pinning of domain walls
by secondary phase particles.
Both the depolarization temperature and the piezoelectric coefficient d33 decreased with
increasing cobalt concentrations. The dielectric properties deteriorated as well. This was
attributed to the high electrical conductivity of the doped samples, which prevented full
poling.
Zusammenfassung
Die am ha¨ufigsten eingesetzte Piezokeramik besteht aus Bleizirkontitanat Pb(ZrxTi1−x)O3
(PZT). PZT besitzt herausragende piezoelektrische Eigenschaften, die sich durch die Zu-
gabe von Dotierungen fu¨r zahlreiche Anwendungen anpassen lassen. Allerdings bestehen
seitens der Politik wegen des hohen Bleigehalts Bedenken hinsichtlich der Umwelt- und
Gesundheitsvertra¨glichkeit, weshalb die Erforschung bleifreier Alternativen erforderlich ist.
Eines der am vielversprechendsten Ersatzmaterialien ist das ferroelektrische Bismutna-
triumtitanat (Bi0.5Na0.5)TiO3 (BNT). Ebenso wie PZT kristallisiert es in der Perowskit-
struktur. Da die dielektrischen und piezoelektrischen Eigenschaften der reinen BNT-
Keramik unzureichend fu¨r die praktische Anwendung sind, wird es zur Optimierung mit
Dotierungen versehen.
Dotierungen haben Einfluss auf eine Vielzahl von Materialparametern, zum Beispiel auf
das Sinterverhalten, die dielektrischen und piezoelektrischen Eigenschaften sowie auf deren
Temperaturstabilita¨t. BNT wird meist mit dem Ziel dotiert, die beno¨tigte Sintertemper-
atur zu senken, um das Abdampfen von Bismut zu vermeiden. Außerdem strebt man eine
ho¨here Depolarisierungstemperatur sowie einen gesteigerten piezoelektrischen Koeffizienten
d33 an.
In der Literatur wurden die Einflu¨sse zahlreicher Dotierungen auf die resultierenden
Eigenschaften von BNT eingehend untersucht. Wenig Beachtung geschenkt wurde hinge-
gen der Art und Weise, auf welche die Dotierung letztlich mit dem Piezomaterial inter-
agiert. Letztendlich ist es allerdings das Versta¨ndnis genau dieser Zusammenha¨nge, das
eine gezielte Modifikation und Verbesserung von BNT-Keramiken ermo¨glichen ko¨nnte.
Ziel der vorliegenden Arbeit war es, die Effekte einer Modelldotierung – Cobalt – auf
die Phasenbildung, das Sinterverhalten, das Gefu¨ge und die sich ergebenden dielektrischen
sowie piezoelektrischen Eigenschaften zu untersuchen und zu verstehen. In diesem Zusam-
menhang war auch die Bestimmung der lokalen atomaren Umgebung von Cobalt in BNT,
also dessen bevorzugter Gitterplatz, erforderlich.
BNT wurde zuna¨chst u¨ber die Mixed-Oxides-Route in einer Festko¨rperreaktion aus
Oxidpulvern hergestellt und anschließend bei Temperaturen zwischen 1000 ◦C und 1150 ◦C
gesintert. Cobalt wurde in Form von Co3O4 in Konzentrationen zwischen 0.1 mol % und
2.6 mol % Co vor der Kalzinierung zugegeben.
Etwa ein Drittel der insgesamt zugesetzten Cobalt-Menge wurde in das BNT-Gitter auf
dem B-Platz der Perowskit-Struktur, d.h. anstelle von Titan, eingebaut. Dabei besteht
xvermutlich ein Gleichgewicht zwischen in BNT eingebautem Cobalt und der Nebenphase
Co2TiO4, die sich stets bildete, wenn die Gesamtkonzentration 0.1 mol % Co u¨berstieg.
Wegen des durch die Ti-Substitution no¨tigen Ladungsausgleichs wurden im Gitter des
dotierten BNTs Sauerstoffleerstellen erzeugt, welche den effektiven Diffusionskoeffizienten
stark erho¨hten. Dies zeigte sich besonders deutlich dadurch, dass die Sintertemperatur mit
steigender Cobalt-Konzentration sank und hohe Enddichten der gesinterten Ko¨rper erreicht
wurden. Allerdings begannen stark dotierte Sinterko¨rper bei hohen Sintertemperaturen zu
schwellen. Vermutlich war der bei der Reduktion von Co3+ zu Co2+ zusa¨tzlich freigesetzte
Sauerstoff hierfu¨r verantwortlich.
Bis zu einer Sintertemperatur von 950 ◦C handelte es sich bei dotiertem BNT um reines
Festphasensintern. Oberhalb dieser Temperatur entstand im Gegensatz zum undotierten
Material in geringem Umfang eine Schmelzphase, die wahrscheinlich von der Zersetzung des
BNT mit leichtem Ti-Unterschuss herru¨hrte. Das vermehrte Abdampfen von Bismut ober-
halb von 1000 ◦C stabilisierte daraufhin wahrscheinlich Natriumcobalttitanat, eine weitere,
Bismut-freie Nebenphase.
Das Drehen der Iso-Linien im Kinetic Field-Diagramm von dotiertem BNT wurde
dahingehend interpretiert, dass die Aktivierungsenergie fu¨r Kornwachstum gro¨ßer war als
die Aktivierungsenergie fu¨r Verdichtungsprozesse. Mo¨gliche Ursachen hierfu¨r sind der so-
genannte ‘solute-drag’-Mechanismus und ein ‘Pinning’-Effekt der Sekunda¨rphasenpartikel.
Sowohl die Depolarisierungstemperatur als auch der piezoelektrische Koeffizient d33
sanken mit steigender Cobalt-Konzentration. Ebenso verschlechterten sich die dielek-
trischen Eigenschaften. Dies wurde darauf zuru¨ckgefu¨hrt, dass aufgrund der hohen elek-
trischen Leitfa¨higkeit eine vollsta¨ndige Polarisierung der Keramiken nicht mo¨glich war.
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1 Introduction and Motivation
Up to today, the most commonly used piezoceramic is lead zirconate titanate (PZT)
Pb(ZrxTi1−x)O3 [Jaf71]. It shows outstanding piezoelectric properties, which can be tai-
lored by the addition of dopants to fulfill the requirements of numerous applications. These
include sensors, actuators or ultrasonic transducers for industrial, commercial, scientific or
medical devices. However, PZT consists of more than 60 wt % lead, which complicates
recycling and waste disposal. Moreover, during the fabrication process, hazardous lead
oxide is set free.
In the wake of the augmenting environmental awareness, the legislations regarding the
use of lead have recently been hardened in countries all over the world [Ro¨d09]. In 2006, for
instance, the European Union adopted two directives, WEEE1 and RoHS2, which restrict
the use of hazardous substances, amongst others lead, in electrical and electronic equipment
used in households and industry. Exceptions are made only for applications in which the
replacement by lead-free substances is not yet feasible.
It was due to such legislations that the search for lead-free alternatives to PZT was
revived about ten years ago. So far, the outstanding and versatile properties of PZT are
unmatched. It appears possible, though, to adapt replacement materials so that they can
be used for specific, albeit rather narrow fields of application.
Currently, the most promising lead-free materials are based on two perovskite sys-
tems: Potassium sodium niobate (K0.5Na0.5)NbO3 (KNN), and bismuth sodium titanate
(Bi0.5Na0.5)TiO3 (BNT). The piezoelectric properties of pure KNN and BNT ceramics,
however, are insufficient for application. The main issues root in the poor densification be-
havior, which necessitates high sintering temperatures of more than 1100 ◦C [Du06, Hir09].
The subsequent evaporation of alkali oxides or bismuth oxide has a deteriorating effect on
the piezoelectric performance.
The attempts to overcome these obstacles focus on the one hand on binary or ternary
complex solid-solution systems of BNT or KNN with other perovskite structures. On the
other hand, dopants in the range of a few mol % can be used to enhance the performance
of pure BNT and KNN or their respective solid-solution systems.
Dopants influence a great variety of material properties to different degrees. For exam-
1Waste Electrical and Electronic Equipment [Eur03b]
2Restriction of the Use of Certain Hazardous Substances in Electrical and Electronic Equipment
[Eur03a]
2 1. Introduction and Motivation
ple, they can drastically alter the sintering behavior [Hua09] and the resulting microstruc-
ture of a ceramic. They also affect the dielectric and piezoelectric properties as well as
their respective temperature stability.
The role of dopants during the sintering process and their effects on a ceramic’s piezo-
electric performance has so far received little attention from a microscopic point of view.
Nonetheless, understanding the way dopants interact with the piezomaterial is crucial to
explain their effects and to open up the possibility to improve these properties selectively.
The goal of this study is to investigate and understand the effects of a model dopant on
the local atomic structure of BNT (that is, the preferred lattice site in which the dopant
is incorporated), on its sintering behavior, microstructure, and the resulting dielectric and
piezoelectric properties. Cobalt, which acts as a so called ‘hard’ dopant in PZT, was chosen
for this purpose. Studies in the literature reported conflicting findings on how the changes
in the microstructure and piezoelectric properties of cobalt-doped BNT-BaTiO3 (BNT-
BT) are related [Chu02, Li04, Xu05, Zha07, Xu08b]. To avoid additional effects from the
solid-solution with barium titanate, the current work is constrained to the study of pure
BNT doped with cobalt.
A broad set of analytical techniques is employed to cover the diverse aspects of this
topic. X-ray diffraction and scanning electron microscopy are used for phase analysis. The
incorporation of cobalt into BNT is studied by means of electron probe micro analysis
and transmission electron microscopy. To determine the local atomic environment of the
dopant, X-ray absorption spectra are recorded and compared to theoretical calculations.
The sintering behavior is studied by thermo-optical dilatometry and the sintering kinetics
are analyzed by means of the kinetic field method. Finally, the dielectric and piezoelectric
characteristics of the doped ceramic are studied.
The following work is outlined as follows: First, the literature overview covers the basics
of piezoelectricity, ferroelectric ceramics and sintering. The experimental section provides
details on the measuring techniques and the synthesis route of BNT. In Chapter 5, the
phase formation and the local atomic structure of Co is covered. Chapter 6 deals with the
sintering behavior, and Chapter 7 presents the dielectric and piezoelectric characterization.
Finally, Chapter 8 summarizes and concludes the findings of this study.
2 Literature Review
2.1 Piezo- and Ferroelectricity
Piezoelectricity is the ability of a material to translate mechanical stress into electrical
charge and vice versa. It was first discovered by Jacques and Pierre Curie in 1880 in
Rochelle salt. The first piezoelectric ceramic, consisting of ferroelectric BaTiO3, was syn-
thesized in the 1940s [Thu77]. Today’s most popular material for ferroelectric applications
is lead zirconate titanate Pb(ZrxTi1−x)O3 (PZT), which was discovered about ten years
later [Hae99]. Since then, piezoelectric ceramics and ferroelectric materials in general have
found a vast range of industrial and scientific applications. Among them are piezoelectric
fuel injection systems, motors, inkjet printer heads, micro-positioning systems, piezoelec-
tric transducers for medical purposes, electroacoustic transformers and sensors.
2.1.1 Piezoelectrictiy
According to the definition by Cady [Cad46], piezoelectricity is the “[...] electric polariza-
tion produced by mechanical strain in crystals belonging to certain classes, the polarization
being proportional to the strain and changing sign with it.” This definition basically con-
tains the description of the direct piezoelectric effect: When mechanical stress is applied to
a piezoelectric material, a charge is generated. The converse effect is called indirect piezo-
electric effect. When the material is subjected to an electric field, a strain is induced. The
following equations state the relationship between the mechanical and electrical variables
for both effects:
Di = dijTj (2.1)
Si = dijEj (2.2)
Here, T is the mechanical stress, S is the field-induced strain, E is the electric field, and
D is the dielectric displacement. D is related to the polarization P by D = ε0E +P , with
ε0 = 8.854× 10−12 F m−1 (permittivity of vacuum). The proportionality factor dij is called
piezoelectric constant. The indices i and j refer to the direction in which T , S, E and
D are applied or generated. 3 indicates the polarization direction, 1 and 2 are directions
perpendicular to 3 and each other, and 4, 5 and 6 indicate shear. A detailed explanation
and the full set of equations of state can be found e.g. in the textbooks by Jaffe [Jaf71]
and Xu [Xu91].
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The most often reported piezoelectric constant, d33, relates the mechanical stress and
electrical displacement (or mechanical strain and electric field strength) in the direction of
polarization. It is an important figure of merit for the piezoelectric effect and especially
important for sensors. Another frequently reported quantity is the piezoelectric coupling
factor k, which describes how efficiently one form of energy is converted into another. It
is defined as
k2 = electric energy converted to mechanical energyinput electric energy (2.3)
or
k2 = mechanical energy converted to electric energyinput mechanical energy (2.4)
Thus the k-factor is a measure of the overall strength of the electromechanical effect. It is
always less than unity, because the conversion of energy is always incomplete [Jaf71].
2.1.2 Ferroelectricity
In order to obtain a piezoelectric ceramic, the used material must additionally be ferro-
electric. Ferroelectric materials are a subgroup of piezoelectric materials.
All crystal systems lacking a center of symmetry 1 exhibit piezoelectricity (except for the
point group 432 due to other geometrical reasons) [Jaf71]. Ten of those 20 point groups
allow for the existence of permanent electric dipoles. The magnitude of their polarity
changes with temperature. Hence, these materials are termed pyroelectric. If the direction
of the permanent dipole can be switched by the application of an electric field, the material
is called ferroelectric.
Most ferroelectric ceramics consist of materials that crystallize in the perovskite struc-
ture [Dam01], such as PZT or BaTiO3. The general formula is ABO3. Figure 2.1a shows
the structure of a perovskite in the cubic modification. The big A-ions are located on the
corners of the unit cell (‘A-site’). The center is occupied by the smaller B-cation (‘B-site’),
which is surrounded by 6 oxygens forming octahedra that are corner-linked with each other.
Ferroelectric perovskites usually are of the type A2+B4+O3 or A1+B5+O3 [Xu91]. In the
cubic modification, this structure is nonferroelectric or paraelectric. When it is cooled
below its Curie temperature TC, it undergoes a phase transition to an antiferroelectric
or ferroelectric modification (tetragonal, rhombohedral, orthorhombic or monoclinic) as
shown in Figure 2.1b. The structure now possesses permanent electric dipoles that occur
because the cation sublattice is shifted with respect to the oxygen sublattice. As a result,
a net dipole moment is generated. The value of the dipole moment per unit volume is
called spontaneous polarization PS. Even in single crystals, the dipole orientation is not
completely uniform [Dam98]. Instead, regions with dipoles oriented in the same direction,
called domains, exist. The boundaries to regions with a different dipole orientation are
called domain walls. In polycrystalline ceramics, the crystals as well as the domains are
randomly oriented, and thus the moments of spontaneous polarization cancel each other
out (see Figure 2.2a). To obtain a piezoelectric ceramic, the dipole moments must be
aligned in a single direction. This can be achieved by subjecting the material to a strong
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(a) Cubic perovskite ABO3: the
oxygen octahedron is occupied by
the B cation, the corners of the unit
cell are occupied by 12-fold coordi-
nated A-ions.
(b) Perovskite with tetragonal dis-
tortion: the B-site ion is displaced
from the center and gives rise to a
dipole moment Ps.
Figure 2.1: Perovskite structure using the example of PbTiO31; the cubic modifica-
tion is nonferroelectric, the tetragonal modification has a dipole moment and shows
ferroelectricity.
electric field (see Figure 2.2b). The polarization in the ceramic changes according to the
hysteresis loop shown in Figure 2.3. When the electric field E is applied for the first
time (1), the dipoles begin to change their orientation until a maximum polarization is
reached (2). The dipoles are now oriented along the field in the best possible way. Upon
reduction of the field to zero, most of the dipoles retain their orientation. The resulting
polarization is called the remanent polarization P r. When the direction of the external
electric field is switched and the field increases until maximum polarization is reached (3),
the dipoles slowly change their orientation. The field strength at which the polarization
becomes zero is called the coercive field strength Ec.
In addition to the parameters introduced above, many others can be measured to
characterize the behavior of a ferroelectric ceramic. Important quantities are the relative
dielectric permittivity εr (more precisely, εT33/ε0, where T indicates constant stress) and the
dielectric loss or loss tangent tan δ. tan δ is a measure of the proportion of the charge trans-
ferred in conduction to that stored in polarization. High losses degrade the performance
of the dielectric, especially in capacitor applications.
High dielectric constants are desirable for example for actuators, together with a high
mechanical quality factor Qm [Pan09]. Since actuators are designed for maximum strain
at minimum coaxial electric field [Ro¨d09], the so called large signal d33 may also be of
interest. In contrast to the small signal d33 defined in 2.1.1, the large signal d33 repre-
sents the maximum obtainable strain at maximum electric field in the poling direction
S3,max/E3,max. Sometimes, sEij , the material compliance (inverse of modulus of elasticity)
at constant electric field is also reported.
1Crystal structures were drawn using VESTA 3 [Mom11]
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(a) Random dipole orientations be-
fore poling.
E
Pr
(b) Aligned dipoles after poling.
Figure 2.2: Ferroelectric domains in a ceramic material. a) Before poling: Each
grain shows domains with dipoles (arrows) oriented 180° with respect to each other;
b) Poled ceramic: the dipoles are aligned in the direction of the electric field, a net
remanent polarization results; the ceramic is slightly elongated in the direction of the
polarization.
E
P
Pr
Ec
(1)
(2)
(3)
Figure 2.3: Schematic P-E hysteresis loop of a ferroelectric. (1) represents the initial
polarization curve, EC is the coercive field strength, and P r denotes the remanent
polarization.
2.2 Ferroelectrics: PZT and Lead-Free Systems
2.2.1 Lead Zirconate Titanate
The most commonly used material for piezoelectric ceramics is the solid solution lead zir-
conate titanate Pb(ZrxTi1−x)O3 (PZT). Its outstanding ferroelectric properties were dis-
covered in 1954 by Jaffe [Jaf54]. PZT belongs to the family of perovskites. The octahedral
B-site is shared by the ions Ti4+ and Zr4+, while Pb2+ occupies the 12-fold coordinated
A-site (cf. Figure 2.1). The best piezoelectric properties are obtained at the boundary
between the rhombohedral PbZrO3 and the tetragonal PbTiO3, where x(Zr)=0.53. This
boundary is called morphotropic phase boundary (MPB) and it is almost temperature in-
dependent. It is shown in Figure 2.4. The superior properties at this composition mainly
stem from the fact that the electrical dipoles can be aligned along as many as 14 differ-
ent orientations, which leads to a higher degree of overall dipole alignment than in other
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Figure 2.4: Phase diagram of lead zirconate titanate (PZT) after Jaffe et al. [Jaf71].
compositions [Swa90]. The remanent polarization of PZT at the MPB-composition is
35 µC cm−2. Poling is easily achieved at a low coercive field of 1 kV mm−1 to 2 kV mm−1.
The Curie temperature TC is above 350 ◦C and thus allows for comparably high operating
temperatures. The PZT properties can readily be modified by the addition of dopants (see
Chapter 2.2.5) to make the material suitable for a great variety of applications.
2.2.2 The Lead Issue
The combination of all the above mentioned properties explain why PZT has become
so popular. However, there are some severe drawbacks which make it necessary to find
alternate ferroelectric systems for piezoelectric applications.
PZT contains more than 60 wt % Pb. Lead and its derivatives are toxic to humans
and other organisms, especially if inhaled. During the fabrication of PZT, lead oxide
evaporates and is set free. Lead-contaminated dust is generated when PZT parts are
machined. Another issue arises concerning the waste disposal and recycling of electrical
and electronic devices.
The growing environmental awareness has lead to several new directives being estab-
lished. For example, as of 1 July 2006, the European Union adopted the ‘directive on
the restriction of the use of certain hazardous substances in electrical and electronic equip-
ment’, RoHS [Eur03a]. This directive restricts the use of lead and other hazardous elements
in the manufacture of most electronic and electrical equipment. Exemptions are made for
medical devices, monitoring and control instruments only, but the allowed lead content is
limited. For cases in which it is technically or scientifically impracticable to use lead-free
replacements, such as for electronic ceramics, the use of lead is not yet prohibited, but will
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probably be forbidden as soon as alternative materials are available. Similar regulations
are being promoted in countries all over the world [Ro¨d09].
A lot of scientific activity has since been triggered to explore alternative non-hazardous
materials for the use in piezoelectric devices. There are many excellent reviews on the
current status of the development of lead-free materials [Ro¨d09, Dam10, Aks10b, Pan09,
Shr07]. Up to this day, the piezoelectric properties of all suggested material systems are still
inferior to those of PZT. Few patents for the actual application of lead-free piezoelectrics
have so far been filed [Chi06, Tan01]. It seems likely that, for specific applications, specially
tailored replacements can be found. However, there appears to be no ‘all-round’ material
that is as versatile as lead zirconate titanate [Ro¨d09], since its superior piezoelectric prop-
erties are based on the chemical nature of the lead ion [Coh92].
2.2.3 Lead-Free Ferroelectrics
Apart from a few material families for specialized applications, such as potassium tung-
sten bronze structures for sensors [Jam68] or bismuth layered structure ferroelectrics for
high temperature applications [Ike74], perovskite structures still appear to be the most
promising class of ferroelectrics. Two systems, both with perovskite structure, have re-
ceived major attention in research: potassium sodium niobate (K0.5Na0.5)NbO3 (KNN)
and bismuth sodium titanate (Bi0.5Na0.5)TiO3 (BNT). The first system, KNN, is described
in brief below; for further details, the reviews on lead-free materials offer a good insight.
BNT, being the topic of this thesis, is presented in greater detail in the following section.
KNN is a solid solution of ferroelectric KNbO3 and antiferroelectric NaNbO3 (both
orthorhombic). The best piezoelectric properties are obtained at the morphotropic phase
boundary [Mae04], similar to PZT. KNN can yield a high longitudinal piezoelectric coeffi-
cient (148 pC N−1 [Li06]), a good electromechanical coupling coefficient and has a high TC
of up to 420 ◦C [Pan09]. However, processing of the raw materials as well as sintering is
difficult [Hol05].
2.2.4 Bismuth Sodium Titanate
BNT was discovered in the 1960s by Smolenskii et al. [Smo61], but, due to its inferior
piezoelectric properties compared to PZT, did not receive much attention until lately.
The following sections give an overview over the current state of knowledge of its crystal
structure, phase transitions and piezoelectric properties.
Crystal Structure
BNT crystallizes in the perovskite structure (Figure 2.5a), similar to PZT and KNN (see
also Chapter 2.1.2). The octahedral site is occupied by the Ti4+ ion. The A-site is shared
by Na1+ and Bi3+ in the ratio 1:1. The distribution of the two A-site cations is still subject
to investigation [Gro¨11]. One consequence of the shared A-site is the relaxor behavior
of BNT [Ro¨d09]. The term relaxor refers to a class of disorder crystals with peculiar
2.2 Ferroelectrics: PZT and Lead-Free Systems 9
structural features and properties [Bok06]. It is caused by a disorder of ions sharing the
same crystallographic site. Relaxor behavior manifests e.g. in broad humps instead of
narrow peaks of the dielectric permittivity ε as a function of temperature at the material’s
Curie temperature [Dan11].
(a) Cubic BNT: the center of the oxygen octahe-
dron is occupied by the Ti4+ cation, the corners of
the unit cell are occupied by Na1+ and Bi3+ in the
ratio 1:1.
(b) Room temperature structure of
BNT with monoclinic distortion.
Figure 2.5: Perovskite structure of BNT2: a) above the Curie temperature, b) at
room temperature.
The phase transitions of BNT are still being discussed controversially. Basically, the
material undergoes two phase transitions upon cooling : from cubic to tetragonal at 540 ◦C,
and from tetragonal to its room temperature modification between 325 ◦C and 200 ◦C
[Suc95, Jon02]. The structure in the region of the second phase transition is being discussed
as being either antiferroelectric [Sak74] or as a coexistence region of rhombohedral and
tetragonal phases with polar nano regions [Suc88]. At room temperature, a monoclinic
structure (space group C c) has also been proposed [Aks11]. It is, however, usually sufficient
to use the rhombohedral model (space group R 3 c) determined by Jones and Thomas
[Jon02] for the average room temperature structure [Kee12], which is shown in Figure
2.5b.
Piezoelectric Properties
The piezoelectric properties of BNT are summarized in Table 2.1. BNT has a Curie temper-
ature of 325 ◦C. Due to the transition region between rhombohedral and tetragonal phase,
however, BNT looses its polarization at 187 ◦C [Hir09]. This temperature is hence called
depolarization temperature. BNT possesses a large remanent polarization of 38 µC cm−2,
comparable to that of PZT (35 µC cm−2). Full poling may be difficult to achieve, mainly
because of the high coercive field of 7.3 kV mm−1.
2Crystal structures were drawn using VESTA 3 [Mom11]
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Table 2.1: Typical properties of ferroelectric ceramics. Usually, a high Curie temperature
T c, a high coupling coefficient d33, a high mechanical quality Qm and a low dissipation
factor tan δ are desired. The relative dielectric permittivity εr should either be high or low,
depending on the specific application.
Material T c [◦C] εr tan δ d33 [pC N−1] Qm Reference
Pb(Zr0.48Ti0.52)O3 386 399 0.004 223 500 [Jaf71]
DoD I PZT4(a) 328 1300 0.004 290 >500 [Shr07]
DoDII PZT5A(b) 365 1700 0.02 375 75 [Shr07]
KNN 395 559 0.026 148 215(c) [Li06]
Bi0.5Na0.5TiO3 325 343 0.045 73 368 [Hir09]
BNT-6BT 105 826 0.025 155 - [Xu08a]
BNT-7BT +
2.3 % Co
>120 600 0.008 137 297 [Xu08b]
(a) ‘hard’ doped PZT (b) ‘soft’ doped PZT (c) [Lin08]
From Table 2.1 it is evident that the properties of pure BNT are inferior to PZT and
currently not sufficient for practical applications. Furthermore, the pure material is difficult
to synthesize. Dense BNT ceramics require a sintering temperature of at least 1100 ◦C
[Hir09]. At this temperature, significant bismuth evaporation was observed [Nag06]. The
resulting bismuth and oxygen vacancies are believed to be the reason for the relatively high
electrical conductivity of BNT ceramics [Hir09]. This adds to the poling difficulties and
thus has a negative effect on the final piezoelectric properties.
2.2.5 Doping of Ferroelectrics
Doping of PZT
Pure PZT itself is also unsuitable for most applications. To tailor its properties to the de-
sired application, it is usually doped with one ore more additives. Doping implies that ions
of a different atomic species are added, either of similar (isovalent doping) or different (alio-
valent doping) valence than those present in the doped material. In the case of ferroelectric
ceramics, the dopant amount is typically in the range of 0.1 mol % to 2.5 mol %.
Depending on the nature of the dopant species, the properties of PZT can be altered
following basically two opposed trends:
1. ‘Soft’ doping. Ions of higher valence are introduced on either the A- or the B-site,
causing Pb2+ vacancies. As a result, domain wall motions are facilitated [Xu91]. In
general, the elastic compliance coefficients sij, the dielectric constant ε, the planar
coupling coefficient kp as well as the bulk resistivity σ are increased by soft doping,
while the coercive field Ec and the mechanical quality Qm are decreased. Soft dopants
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for PZT include La3+, Bi3+, Nb5+, W6+.
2. ‘Hard’ doping. The dopant ions have a lower valence than those they replace and thus
are considered acceptors. They can either occupy the A- or B-site of PZT. For charge
balancing reasons, oxygen vacancies are generated in the p-type electrical conductor
material. This results in space charges which inhibit the domain wall motion. Hard
doped PZT has a lower dielectric constant ε, lower dielectric loss tan δ, lower the
planar coupling coefficient kp and lower bulk resistivity σ than pure PZT, whereas
the coercive field Ec and mechanical quality factor Qm are enhanced. Na +, Fe2+,
Co3+, Mn2+, and Ni2+ are examples for hard PZT dopants.
Doping of BNT
Doping of BNT currently aims to decrease the vaporization of bismuth by reducing the
sintering temperature and to make full poling possible, but it is also intended to increase
the depolarization temperature. A great variety of dopants was screened in the literature,
for example Fe [Wat07, Aks12], Mn [Dav11, Xu06], Li [Lu06], La [Her97], Sr [GP04], and
Ta [Koe07]. A comprehensive compilation can be found in the excellent review paper by
Roedel et al. [Ro¨d09].
In general, large dopant ions that are incorporated on the A-site of BNT lead to a
softening of the piezoelectric properties, while B-site dopants seem to be associated with a
hardening effect. When comparing the effect of a dopant on PZT and BNT, it is important
to remember that PZT has its shared ion position on the B-site, whereas in BNT the A-site
is affected. For this reason, doping the A-site of BNT is considered more effective than
B-site doping [Xia08], which is favored in PZT.
Another effective way to improve the sinterability and the piezoelectric properties of
BNT was introduced by Takenaka et al. [Tak91]. He first reported the superior properties
of the solid solution of BNT with BaTiO3 (BT), which can be attributed to the existence
of a morphotropic phase boundary. However, the MPB is curved, which means that the
associated properties are very temperature sensitive. Furthermore, while d33 was strongly
enhanced, the depolarization temperature was lowered to about 100 ◦C [Che08a]. Other
binary and ternary solid solution systems with an MPB have since been investigated,
for example BNT-BKT (BNT-Bi0.5K0.5TiO3) [Sas99], BNT-BT-KNN [Zha08a, Zha08b], or
BNT-BKT-BT [Nag03].
Doping with Co
This work is the first study on pure BNT doped with Co. In the literature, there are some
related studies which deal with the effect of cobalt-doping on (1-x)BNT-xBT [Chu02, Li04,
Xu05, Zha07, Xu08b] at the MPB. Here, x refers to the amount of BaTiO3 added, which is
usually between 6 mol % and 8 mol % (the exact composition of the MPB is controversial).
Figure 2.6 compares the compositions studied in this work to those of the previous ones.
The most systematic of the mentioned studies was carried out by Xu et al. in 2008
[Xu08b]. His group added varying amounts of Co to BNT-BT synthesized via a sol-
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Figure 2.6: Compositions of cobalt-doped (1-x)BNT-xBT in the literature, compared
to this work.
gel-method. They found that the resulting piezoelectric properties generally followed a
‘hard’ doping effect, that is, TC was increased, whereas d33 declined with increasing dopant
amount. However, the effect on d33 is not entirely clear, since the group of Li et al. [Li04]
reported the opposite effect. They explained this by the strongly enhanced grain growth,
that supported the development of large ferroelectric domains. These make higher d33
coefficients possible. However, Xu found no such effect in his study.
According to Xu, Co2+ can substitute for Ti4+ because of radius matching. For charge
balancing, oxygen vacancies would have to form, which harden the material by a clamping
effect. In all studies, cobalt was claimed to replace Ti4+, either in its di- or trivalent state,
the only basis for the assumption being the similar size of the ionic radii. This problem
was addressed in the current study by the means of X-ray absorption experiments.
2.2.6 X-ray Absorption Studies of Piezoelectric Materials
X-ray absorption spectra (XAS) give insight into the local atomic environment of one
selected atomic species at a time. It can be used to determine the number, distance, coor-
dination geometry and nature of the surrounding atoms. For piezoelectric materials, XAS
experiments were mainly performed to analyze the local site symmetry and bond lengths
of the main elements. For example, there are studies on the local atomic environment of
Ti and Zr in PZT [Cao04, Ved98] or Bi, K and Ti in BNT and KNN [Lem07, Shu05].
Although the sensitivity of XAS is high enough to probe minor elements, it was rarely
used for the examination of dopant sites in perovskites. In 2000, Davies and his group
demonstrated the feasibility of XAS for the determination of dopant sites in a perovskite
doped with low concentrations of Nd and Yb [Dav00]. Several years later, two studies
investigated the dopant site selectivity of Mn in PZT [Lim07, Che08b].
An alternative method, electron paramagnetic resonance (EPR), was recently adapted for
the characterization of dopant sites and dipole formation in lead-free ferroelectrics [Eic11].
It was successfully applied to lead-free BNT and BNT-BT-BKT doped with Fe and Cu
[Aks10a, Jo11]. While this method offers a very high sensitivity, it is inherently limited to
dopants with unpaired electrons.
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2.3 Sintering
The heat treatment process in which a compacted powder (green body) is turned into a
ceramic material is referred to as sintering. The powder particles are joined together and
the porosity is removed, thereby leading to consolidation and shrinkage of the material.
The driving force for sintering is the minimization of surface free energy of the green
body. This can be accomplished by densification and coarsening via atomic diffusion and
evaporation and condensation, either in the solid material (‘solid state sintering’) or assisted
by a liquid phase (‘liquid-phase sintering’). The diffusion may occur on the particle surface,
along grain boundaries or through the crystal lattice. The sintering rate is controlled by
the slowest diffusing species, which limits the matter transport. Crystal defects such as
vacancies, but also liquid films wetting the grain boundaries that lower the activation
energy for diffusion can accelerate the sintering process.
2.3.1 Sintering Stages
The solid state sintering process can be divided into three major stages (Figure 2.7). In the
initial stage, inter-particle neck-growth reduces the large differences in surface curvatures
and leads to a beginning densification. At approx. 3 % to 5 % linear shrinkage, when the
pores have reached their equilibrium shape, the intermediate sintering stage with rapid
densification sets in. At the beginning, the pores are connected by an open ‘spaghetti-like’
pore system. Their size is gradually reduced by matter transport until isolated pores are
pinched off, which occurs roughly at 90 % of the theoretical density. In the following final
stage, the pores continue to shrink. The free energy is further reduced by coarsening of
both grains and pores.
As mentioned above, liquid-phase sintering leads to enhanced densification. The liquid
film reduces friction between the particles, allowing for enhanced particle rearrangement
under the induced capillary stress gradients. This process occurs in the first sintering stage.
In the intermediate stage, the densification benefits from the enhanced matter transport
through the liquid (e.g. by solution and precipitation). The residual porosity is reduced
in the final sintering step. The liquid usually consists of a molten sintering aid or involves
components from the bulk material due to eutectic melting. It typically amounts to less
than a few vol %. Good wetting of the solid, that is, a low dihedral angle, is essential.
Liquid-phase sintering is employed to enhance the densification rate and lower the sintering
temperatures or to accelerate grain growth.
Detailed discussions of solid state sintering can be found in textbooks, e.g. [Ger96,
Rah03], for liquid-sintering cf. [Ger85].
2.3.2 Sintering of Lead-Free Ferroelectrics
As mentioned before, sintering both KNN [Du06] and BNT [Hir09] to useful densities re-
quires temperatures above 1100 ◦C. Besides the undesirable issue of high energy consump-
tion, the high temperatures lead to the vaporization of alkali oxides [Ski07] and bismuth
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Figure 2.7: Sintering stages in a BNT shrinkage curve with constant heating rate and
subsequent isothermal sintering. L/L0 = relative sample width, L0 = initial sample
width, L = sample width at the respective temperature.
oxide [Hir09]. The resulting nonstoichiometry causes the dielectric and piezoelectric prop-
erties to degrade. This effect can be reduced by adding the volatile components in excess
before sintering [Ack10, Wan05]. Another approach is to saturate the sintering atmosphere
[Wan08] with the respective component.
A further common method to enhance densification involves sintering aids, such as
CuO, which induce liquid-phase sintering and reduce the required sintering temperature.
However, if too much CuO is added, abnormal grain growth promoted by the liquid phase
can occur [Wan12, Jo11] and the piezoelectric properties degrade [Che07, Cho11]. In
the case of BNT, a dramatic decrease of the sintering temperature was achieved by the
addition of 0.075 mol % Fe2O3 as sintering aid [Wat07]. The side-effects, however, were a
high electrical conductivity and a decreased piezoelectric coefficient [Aks12].
Other methods such as hot-pressing, reactive templated grain growth or chemical vapor
deposition were also explored (for a summary, cf. [Ro¨d09]). However, the improvement in
properties was fairly low and did not outweigh the high production cost of these methods.
3 Experimental
The first part of the following chapter gives details about the methods used to characterize
the final ceramic specimens as well as samples in intermediate processing stages, beginning
with the raw materials. In the second part, the synthesis route itself and the choice of the
respective parameters for each step are explained in detail.
3.1 Characterization Methods
3.1.1 Particle Size Measurement
The particle size of the raw materials and of the green powders strongly affects the calcina-
tion and sintering properties and should thus be controlled. The laser diffraction technique
is a quick way for determining particle sizes down to 0.1 µm, while requiring only small
amounts of sample powder.
The scattering of light of a focused laser beam directed through a particle suspension de-
pends on the refractive index gradient of the sample and the solvent, the particle size and
the volume of particles of equal size. Using Mie theory [Mie08], a particle size distribution
can be determined from the scattering pattern.
The particle size analyses were carried out on a Mastersizer S (Malvern, Worcestershire,
UK). The powder samples were suspended in isopropanol and further dispersed using ul-
trasound to break soft agglomerates. Due to the strong dependence of the scattering power
on the volume of the scattering particles, laser diffraction instruments usually report the
volume of particles in each size class. Thus, the Dv,50 represents the median particle size
of the volume based particle size distribution.
3.1.2 Powder X-ray Diffraction
Powder X-ray diffraction (XRD) is a powerful tool for phase identification in crystalline
solids. A monochromatic X-ray beam is reflected by a crystal only at specific angles
depending on its symmetry and lattice parameters. For powder diffraction, the reflecting
conditions are described by Bragg’s law
nλ = 2dhklsinθ (3.1)
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where λ is the wavelength of the X-rays, n is an integer, dhkl is the spacing of the (hkl)-
lattice planes, and θ is the angle between the incident radiation and the lattice planes.
The difference in travel path lengths experienced by X-rays that are reflected at a set of
lattice planes must be equal to an integer multiple of λ to obtain constructive interference
(see also Figure 3.1). In any other case destructive interference will lead to an extinction
of the X-ray beam.
In a powder diffractogram, which usually shows the diffracted intensity I over the
diffraction angle 2θ, the angles at which the beam is reflected are the so called peak
positions. They depend solely on the specific dimensions and symmetry of the crystal
lattice, while the intensity of a reflection contains information about the chemistry of
the crystal. The resulting diffraction patterns are unique and can therefore be used as
‘fingerprints’ to identify crystal phases in powder samples.
XRD measurements can be done fairly quickly, the sample preparation is easy and
requires only very little powder material. This makes the technique suitable to analyze the
phase composition of BNT samples after calcination or sintering.
In this work, the XRD patterns were recorded using a D5005 (Siemens, Munich, Ger-
many) with a copper anode (Kα radiation). It is equipped with a Kβ-filter and a system of
several divergence slits. In addition, a Goebel mirror was used to produce a highly parallel
X-ray beam. Sintered samples were crushed and ground with an agate mortar and pestle
and then mixed with ethanol to produce a homogeneous slurry. The slurry was applied to
a flat sapphire disc. Upon drying, a thin, flat powder layer formed, which is sufficient to
obtain good X-ray diffractograms. Powder samples were also ground manually prior to the
slurry preparation to ensure a sufficiently small grain size even in calcined samples.
d θ
λ
A
A'
Figure 3.1: Bragg’s law reflection. The incident X-rays having a wavelength λ are
reflected at a set of crystal planes (A, A’) with distance d at the incident angle θ. The
difference in travel paths is equal to an integer multiple of λ, which leads to constructive
interference.
3.1.3 Differential Thermal Analysis
During the calcination and sintering processes ceramics can undergo for example phase
transitions, decomposition and oxidation reactions or chemical reactions between various
phases. These (exo- or endothermic) events can be detected using differential thermal
analysis (DTA) combined with thermogravimetry (TG) and a mass spectrometry (MS).
In DTA, the temperature difference between the sample and a thermally inert material is
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measured during heat treatment. The weight change of the sample is recorded simultane-
ously. In addition, volatile reaction products can be identified with a mass spectrometer
attached to the DTA instrument.
The DTA measurements were carried out using a Netzsch STA 449 C Jupiter system
(Netzsch, Selb, Germany) combined with a Netzsch QMS 403 C Aeolos Quadrupole Mass
Spectrometer. The sample holders were made of Al2O3. For measurements involving MS,
Ar gas was chosen as inert atmosphere. Other experiments were conducted in synthetic
air to reproduce the conditions during calcination and sintering.
3.1.4 Density Measurement
The density of the sintered samples was determined by the Archimedes method (according
to EN 993-1). When a body is immersed in a liquid, it is buoyed up by a force equal to
the weight of the fluid it actually displaces. Thus, by weighing the sample in air and in a
liquid medium, its mass and volume can be obtained.
For this study, distilled water was used as liquid. In samples with low density, open
pores were considered by additionally weighing the water-infiltrated sample.
3.1.5 Scanning Electron Microscopy
The microstructure of fine powders and ceramics can be scrutinized using scanning electron
microscopy (SEM). The sample surface is scanned by a focused electron beam in a raster
scan pattern. Images are obtained from secondary electrons which are generated during
the inelastic interaction of the primary electrons and the sample, as well as from elastically
backscattered electrons.
The contrast from secondary electrons (SE) is primarily due to differences in the topog-
raphy, depending on the surface orientation relative to the SE detector. The backscattering
contrast reveals differences in the effective atomic number Z, since heavier elements reflect
electrons more strongly than lighter elements.
Through inelastic interaction of electrons with the sample, characteristic X-ray radi-
ation is generated. It can be analyzed using energy-dispersive (EDX) spectrometers and
thus allows for a qualitative as well as quantitative chemical analysis of the sample. This
can be exploited to identify secondary phases.
SEM images were taken using a Supra 25 (Carl Zeiss AG). Powder samples were applied
to an adhesive conducting carbon pad on an aluminum sample holder. Sintered samples
were cut into discs and polished with deionized water and diamond paste. In some cases
samples were prepared via cross-section polishing (see Chapter 3.1.5) instead to avoid
depletion of possibly solvable ions from the sample during the polishing process or to avoid
damage to the green sample microstructure. When necessary, the samples were sputtered
with a thin layer of gold.
EDX measurements were carried out using an EDAX Ultra 55 (EDAX Inc., Mahwah,
NJ, U.S.A.) detector with Si-crystal and an active area of 10 mm2. The detection limit is
approx. 0.1 wt % to 1.0 wt %. Standardless quantitative analyses of element concentrations
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were done with the software WINEDS (v3.10, Thomson Scientific Instruments) applying
ZAF corrections.
Cross-Section Polishing
Specimen
shielding
plate new specimen
surface
ablated material
Ar ion beam
Figure 3.2: Schematic of cross-
section polishing
Cross-section polishing (CSP) is a sample preparation
method for scanning electron microscopy.
A beam of Ar ions is focused on the sample surface which
is partly covered by a shielding plate (Figure 3.2). The
non-covered surface is ablated and forms a flat cross-
section. Unlike common polishing with diamond paste
this technique allows for artifact-free sample prepara-
tion. In addition, samples of compacted powders like
green samples can also be prepared. In porous ceram-
ics, however, the so-called curtaining-effect can cause a
slightly uneven sample surface.
3.1.6 Electron Probe Micro Analysis
When a quantitative analysis of elements on very small sample areas (e.g. secondary phases
in a ceramic) is required, wavelength dispersive X-ray spectroscopy (WDX) is superior
to EDX. Its detection limit is an order of magnitude lower than that of EDX since it
has a better signal to noise ratio,making it suitable to detect e.g. cobalt in BNT in low
concentrations. The main drawback of the method is that only one element per detection
unit can be analyzed at a time.
Electron probe micro analysis (EPMA) allows for the simultaneous measurement of
up to five elements. In principle, an electron microprobe is similar to a scanning electron
microscope. A flat sample surface is hit by a focused electron beam, and the emitted
characteristic X-ray radiation is detected on several independent wavelength dispersive
spectrometers. These are equipped with single crystals which filter the desired wavelength
from the incident radiation exploiting Bragg’s law (cf. eq 3.1). The electron microprobe also
collects backscattering images (cf. Chapter 3.1.5), thus allowing for the exact placement of
the electron beam on the desired sample area.
In this work, the electron microprobe analysis was carried out using a JEOL JXA-8200
(Tokyo, Japan) with five wavelength dispersive X-ray (WDX) spectrometers at the BGI
(Bayerisches Geoinstitut), Bayreuth. The Bi Mα and Ti Kα spectral lines were analyzed
with a pentaerythritol (PET) crystal, Na Kα with a thallium acid phthalate (TAP) crystal,
and Co Kα with a lithium fluorite (LIF) crystal. The measurements were performed at
15 kV and with a 15 nA beam current. For each point, the background was measured for
10 s on either side of the peak, while the counting time on the peak itself was 20 s. When
a lower detection limit was desired, these times were doubled. Bismuth and cobalt metal,
albite and titanium dioxide were used for calibration. The φ(ρz)-method [Arm88] was
applied to quantify the elements.
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The diameter of the electron beam was approx. 1 µm. The information depth, which
depends on the acceleration voltage and the effective atomic number Z of the sample, was
less than 1 µm. It was calculated using Monte Carlo simulations (Electron Flight Simulator
v3.1, SPI Supplies, USA).
3.1.7 X-ray Absorption Fine Structure
X-ray absorption fine structure (XAFS) spectroscopy is an element specific technique that
probes the absorption edge of the desired element to gain structural information about its
atomic environment. The method can thus be used to identify the lattice site of an atomic
species, e.g. a dopant, in a known matrix.
X-ray Absorption in Matter
When matter is hit by X-ray photons, one of three possible interaction mechanisms oc-
curring is the photoelectric effect. When the energy of the photon is equal to or greater
than the binding energy of a core electron, the photon can be absorbed completely. The
absorbing core electron is excited to a higher, unoccupied electron orbital or even ejected
into the continuum with a kinetic energy equal to the excess energy of the photon as com-
pared to the binding energy. The resulting core hole (empty electron orbital) in the atom is
subsequently filled by an electron from a higher-energy shell, for example the L- or M-shell.
This relaxation process is accompanied by a release of energy in the form of characteristic
X-ray radiation or Auger electrons, as shown in Figure 3.3).
Figure 3.3: Relaxation mechanisms in an atom with a core hole in the K-shell: elec-
trons from higher orbitals (here: L-shell) fill the vacancy in the K-shell; the excess
energy can either be released in the form of characteristic X-ray radiation, or be trans-
fered to another electron (Auger-electron), which is then emitted from the atom.
The absorption coefficient µ describes the probability that a photon is absorbed by
matter. It is a function of the incident photon energy and generally decreases with increas-
ing energy. However, when the photon energy reaches the energy required to excite a core
electron to an unoccupied electron orbital, the absorption probability increases sharply.
This step-like increase is called absorption edge. The term K-edge refers to core holes
generated in the K-shell, an L-edge to a hole in the L-shell, and so on.
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X-ray Absorption Spectra
In solids or liquids, µ does not decrease monotonically above the absorption edge energy,
but oscillates up and down (Figure 3.4). These ‘wiggles’ represent the X-ray absorption fine
structure (XAFS). They contain structural information about distance, type and number
of the next neighbor atoms around the scatterer.
When the outgoing photo-electron wave is scattered back from the neighboring atoms,
it interferes with itself. As the energy of the X-ray photon increases, its wavelength de-
creases, while the position of the scattering atoms remains constant. As a consequence, the
interference periodically changes from constructive to destructive and vice versa. Accord-
ingly, the probability for X-ray absorption, that is, µ, increases or decreases, respectively,
where the periodicity depends on the distance of the scattering atoms. In addition, the
height of the fine structure of µ is determined by the number and types of the coordinating
atoms.
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Figure 3.4: Absorption coefficient of metallic Cobalt at the K-edge. The absorption
coefficient rises sharply at the edge energy (7709 eV), then decreases monotonically with
superimposed ‘wiggles’, which reflect the arrangement and atomic species of the next
neighbor atoms of the absorber. The blue region is called XANES region (near-edge
spectrum), the red one EXAFS (extended XAFS spectrum).
To model the extended X-ray absorption fine structure (EXAFS, 200 eV to 1000 eV
above the edge) signal, the so-called EXAFS equation (cf. [Kon88]) is used. Based on a
preliminary model of the local atomic environment of the scatterer, the scattering proper-
ties of the next atomic neighbors can be calculated (for example using the program FEFF
[Reh09]). These parameters are inserted into the EXAFS equation, via which the distance,
number and mean-square disorder of the next neighbor atoms can then be determined.
Detailed explanations can be found e.g. in [Kon88] or [Kel08].
The X-ray absorption near-edge structure (XANES) from −50 eV to 200 eV relative to
the absorption edge energy contains information about the valence state and coordination
geometry of an element. The shape of this region reflects the density of states available
for excited photoelectrons. Often a so-called white line is observed, as well as peaks below
the actual edge-energy (‘pre-edge peaks’).
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Figure 3.5: Scattering of photoelectron-waves at the next neighbor atoms. While it is
sufficient to consider single scattering (path 1) for EXAFS, multiple scattering events
at several neighbor atoms (path 2) become important in the XANES region.
The kinetic energy of the photoelectrons in the XANES region is rather small. Con-
sequently, multiple scattering effects (Figure 3.5), which can be neglected for EXAFS,
become dominant. Various other factors, for example multi body effects, have to be taken
into account (see e.g. [Reh00]) as well. As a result, there is no simple analytic description
for the XANES signal. However, XANES features are characteristic for a specific material,
and the spectra can be used as ‘fingerprints’ for a qualitative analysis. They are first nor-
malized and can then be compared to measured or calculated reference spectra of standard
materials. For a quantitative analysis, the reference spectra are linearly combined and
fitted to the measured data.
Measurement Techniques
The absorption coefficient µ can be measured in two different ways:
1. The intensity of the X-ray beam is measured directly before and after transmission
through the sample using ionization chambers. This is the most common technique.
The corresponding experimental setup is called transmission mode. The measured
intensity I at the energy E can be expressed as
I = I0e−µ(E)t (3.2)
µ(E)t = −ln(I/I0) (3.3)
where I0 is the intensity of the primary beam and t the sample thickness. This method
can be used for element concentrations above ≈ 10 wt % and where the sample can
be prepared sufficiently thin to obtain a good count rate after transmission.
2. For lower element concentrations or samples which cannot be prepared thin enough,
a fluorescence setup can be used. Instead of I, the fluorescence radiation intensity
I f produced in the sample is measured. It is proportional to the absorption in the
sample:
µ(E) ∝ If/I0 (3.4)
Here, several corrections e.g. for self-absorption need to be applied during data eval-
uation.
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In this study, the local atomic environment of cobalt was analyzed in fluorescence mode
because of the following reasons: For most samples, the concentration of Co in the bulk ma-
terial was less or equal than 1 wt % Co3O4, corresponding to 0.92 wt % Co. Bi0.5Na0.5TiO3
has a high X-ray absorption coefficient due its high bismuth content. For transmission,
a sample would thus have to be highly diluted, leading to even lower concentrations of
cobalt atoms, which in turn diminishes the XAFS signal. In addition, the fluorescence
setup allows for the use of as-sintered ceramic bulk material, whereas transmission mode
would involve crushing and milling the sample material.
Experimental Setup and Parameters
XAFS experiments are performed at synchrotron facilities, since they can provide the
tunable X-ray beam required to probe the absorption edge with sufficiently high intensity.
The basic layout of a XAFS experiment in fluorescence mode is shown in Figure 3.6.
The white X-ray beam is guided through monochromator crystals which allow to pick the
desired wavelength. After collimation, the primary intensity I0 is measured in an ionization
chamber. The fluorescence radiation is detected using scintillation detectors.
In this study, XAFS experiments at the Co K-edge (7709 eV) were carried out at the
beamline 7TMPW-MAGS of the BESSY II storage ring (Berlin, Germany). The beamline
covers an energy range from 3.5 keV to 30 keV and provides a photon flux of 2.5× 1012
photons/s/100 mA at 10 keV. The X-ray energy is selected using a Si(111) double crystal
monochromator. The energy resolution is approx. 2 eV. A primary ionization chamber and
a NaI scintillation detector were used to record I0 and I f . The flat sample surface was
orientated at 45° with respect to the beam and the detector.
For non-sintered samples, cylindrical pressed powder pellets with a flat surface were
used. Sintered ceramic samples were cut into disks using a diamond saw and then polished
manually to obtain a smooth, flat surface.
Figure 3.6: XANES: Schematic representation of the experimental setup at the MagS
beamline at BESSY (Berlin, Germany). The data was collected in fluorescence mode.
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Table 3.1: Parameters for XAFS data
collection:
Region Range [eV] ∆E
Pre-edge 7550 - 7680 2
Edge, Post-edge 7680 - 8380 0.5
XAFS spectra were recorded from 7550 eV to
8300 eV, but only the near-edge region from
7700 eV to 7820 eV could be used due to the low
signal to noise ratio. For each sample, three con-
secutive scans with a counting time of 2 s per step
∆E were recorded and the data summed up to
improve the signal. The detailed measuring pa-
rameters are shown in Table 3.1.
A highly pure cobalt metal foil (99.99 %, Good-
fellow) was employed for energy calibration. The
recorded spectra were normalized using ATHENA (v0.8.0.61) from the IFEFFIT package
[Rav05]. Detector and sample effects as well as effects of self-absorption were removed.
µ(E) was scaled so that it represents the absorption of a single X-ray and oscillates around
1, making it possible to compare the spectra to ab-initio calculated spectra (cf. Chapter
4.1) or spectra recorded at other light sources.
3.1.8 Transmission Electron Microscopy
Principles of Transmission Electron Microscopy
A transmission electron microscope (TEM) is a versatile tool to investigate materials on
the nano-scale, even down to atomic features. Modern TEMs offer resolutions of <1 A˚.The
TEM can be used to examine for example the microstructure of a sample, to identify
crystal defects or inclusions, or to help distinguish between amorphous and crystalline
phases. Qualitative as well as quantitative element analyses with low detection limits and
very high spacial resolutions are also possible.
In a transmission electron microscope, a thin sample is penetrated by a high-energy
electron beam. Image contrast arises due to the scattering of electrons in the sample:
• Incoherent elastic scattering gives rise to mass thickness contrast. Since the cross
section for elastic scattering increases with increasing Z (effective atomic number),
electrons are scattered more strongly. Thicker sample areas also scatter more strongly,
because electrons have a longer traveling path through the sample and thus can be
scattered more often. Scattering reduces the intensity of the directly transmitted
primary beam.
• In crystalline materials, coherent elastically scattered electrons interfere to yield
Bragg diffraction patterns, similar to those observed in X-ray diffraction. The sym-
metry of the crystal as well as its orientation can thus be identified.
• High resolution TEM (HRTEM), a technique to image the crystallographic structure
of a material on the atomic level, exploits the phase differences of electron waves
scattered through a thin sample. The interference pattern of these diffracted waves
is related to the atomic structure of the material. The interpretation is, however,
difficult, since the final TEM image depends on many factors.
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The above cases represent only a few methods to gain information about a sample using
TEM. For an in-depth treatment of the topic, see e.g. the textbook by Williams and Carter
[Wil09].
A TEM can also be operated in scanning mode (STEM), like SEM, that is, the im-
age is generated by scanning a certain sample area and collecting the image information
electronically.
EDX analyses are often carried out in STEM mode. The excellent spacial resolution is
limited mainly by the beam diameter, surpassing that of EPMA by about two orders of
magnitude. Compared to EPMA or SEM there is less electron scattering because of the
thin sample and the high energy of the electrons (i.e., increased mean free paths). However,
scattered electrons and X-ray radiation from other parts in the TEM or the sample may
generate undesired EDX background signals.
In summary, TEM allows to investigate materials on a nano-scale. Using various imag-
ing and detection techniques, a lot of diverse information can be gained about the same,
very small sample area. The main drawbacks of TEM (besides the high instrument price)
are a the laborious sample preparation, possible radiation damage to sensitive materials
and in some cases a difficult image interpretation. In addition, only a small sample area
can be investigated at a time.
Instrumentation and Experimental Parameters
TEM studies were carried out using a JEM2011 by Jeol (Tokyo, Japan) operating at an
acceleration voltage of 200 keV. The electron source consisted of a LaB6 crystal (thermionic
source). A STEM generator and a EDX detector (EDAX, USA), were attached to the
system. A specimen from the sintered bulk sample was prepared as follows: a thin slice
(∼ 20 µm) was cut from the middle of a cylindrical sample using a high precision cutting
instrument and glued to a copper grid. Low angle ion milling was used for final thinning.
The powder sample was mixed with epoxy, formed to a cylinder and then treated similar
to the sintered material.
3.1.9 Thermo-Optical Dilatometry
During the heat treatment of materials, dimensional changes occur, e.g. due to thermal
expansion, sintering or binder burnout. These changes can be observed using in situ
dilatometry. In conventional push-rod dilatometers, the sample is in mechanical contact
with a rod that transmits the dimensional changes during heating. As a consequence, the
sample is continuously exposed to a small force. This can lead to an undesired additional
artificial deformation of soft materials or of samples undergoing liquid-phase sintering.
Although a special vertical geometry can avoid these effects, the physical contact is still
required. Thermo-optical dilatometry, however, is a non contact method. Thus, any
influence on the sintering behavior which may be caused by a push-rod can be avoided.
Figure 3.7 shows the schematics of TOM, a thermo-optical measuring device developed
at Fraunhofer ISC (Wuerzburg, Germany), which was used in this work [Rae01, Rae09a].
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Figure 3.7: Schematics of the TOM furnace. The sample is suspended from a balance
into the furnace chamber, which possesses two windows on an optical axis. The shadow
cast by the illuminated sample is collected by a telecentric objective and camera.
It consists of a high temperature furnace equipped with two transparent quartz windows
which lie on the optical axis of a CMOS camera with telecentric optics. The sample shadow
is projected onto the camera using a halogen lamp at the opposite side of the furnace (at
higher temperatures, the thermal emissions of the sample are sufficient to obtain an image).
A software algorithm tracks the contour of the sample during heat treatment and calculates
the relative dimensional changes. The TOM instrument achieves a high resolution of 1 µm
and has an excellent reproducibility, especially at convex surfaces.
The furnace features a balance for the in situ measurement of weight changes. An
alumina cage, which is suspended from a balance on top of the furnace, is then used as
sample holder. The balance signal is recorded by the TOM software simultaneously with
the shrinkage data.
The in situ technique makes TOM suitable for a variety of experiments. For instance,
load sintering experiments can reveal the presence of a liquid phase during sintering. For
these measurements, a small weight is applied to the top of the sample using an alumina
plate. Special punches with V-shaped extensions placed below and on top of the green
body ensure an exact determination of the sample height, even if slight tilting of the setup
occurs during the measurement [Bab07].
The melting point of a compound or powder mixture can also be determined visually
in TOM. The wetting behavior of the resulting melt on any desired substrate can then
be characterized by measuring the dihedral angle. The knowledge of these properties is
especially useful for liquid-phase sintering processes.
The TOM furnace operates in air with a gas flow of 10 l min−1. The MoSi2 heating
elements can generate a maximum temperature of 1750 ◦C, which is measured by a ther-
mocouple close to the sample position.
BNT sinters at temperatures below 1200 ◦C. A type S thermocouple (PT-10 %Rh/Pt)
offers the best sensitivity for the relevant temperature span and was thus used for the
furnace temperature control. The thermocouple was calibrated to the melting point of Au
at 1064 ◦C. A small piece of Au metal foil was slowly heated in TOM and the melting point
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was determined visually. The BNT samples were sintered on a thin, flat Al2O3 substrate,
which was placed on a thicker aluminum plate. This was necessary since at high sintering
temperatures (roughly above 1100 ◦C) the samples tended to cake to the aluminum sheet.
3.1.10 Dielectric and Piezoelectric Properties
Piezoelectric ceramics can be characterized by several dielectric and piezoelectric parame-
ters, such as the relative permittivity ε, the loss tangent tan δ, the piezoelectric coupling
coefficients dij or the Curie temperature (see also Section 2.1). In this study, the effect of
cobalt doping on the piezoelectric coefficient d33 and the dielectric properties ε and tan δ
were measured. Finally, the depolarization temperature T d was derived from the dielec-
tric measurement (cf. Chapter 4.3). The measurements were carried out at the EPFL in
Lausanne, Switzerland.
Sample Preparation and Poling
Ceramic discs with a diameter of 12 mm and a thickness of 1 mm were cut from sintered
cylinders with a height of 20 mm and slightly polished to obtain flat, parallel surfaces. Both
surfaces were then completely coated with sputtered-on chrome-gold electrodes. Up to 5
samples were poled simultaneously in a silicon oil bath at 60 ◦C. The DC electric field was
slowly increased in steps of 1 kV to a maximum flied of 6 kV, held constant there for 3 min
and shut down slowly, before cooling down the samples to room temperature. After poling,
all samples were allowed to age for at least 24 h before any properties were measured.
Some of the highly doped samples did not survive the poling process, because their
electric breakdown strength was insufficient. Other doped samples suffered from high
leakage currents, which also limited the applicable poling field. As a consequence, the
material might not have been fully poled.
Dielectric Measurement
The temperature-dependent dielectric properties, that is, relative permittivity ε and loss
tangent tan δ were determined from room temperature to 550 ◦C using an LCR-Bridge
(HP4284). The dielectric permittivity can be derived from the capacitance C by
C = ε0εA/t (3.5)
where A is the electrode area, t the thickness of the sample, and ε0 the permittivity
of vacuum (8.8514× 10−12 F m−1). The samples were placed on a platinum sheet on a
covered hot stage and connected with a platinum wire at the top electrode. A small force
was applied by a spring to ensure good contact to the sample electrodes. A thermocouple
placed close to the sample recorded the temperature.
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Piezoelectric Measurements
The longitudinal piezoelectric coefficient d33 can be measured using the direct piezoelectric
effect. When a stress σ3 is applied to the material, a corresponding dielectric displacement
D3 occurs:
D3 = d33σ3 (3.6)
The quasistatic Berlincourt-Type [Jaf71] press method measures the charge Qs created by
the applied stress:
D3 = QS/A (3.7)
where A is the electroded area of the sample. A reference sample with known piezoelectric
d33 is subjected to the same force. The generated charge Q is measured on both the sample
and the reference using parallel sensing capacitors as shown in Figure 3.8. Since
Q = V C (3.8)
and CS/CR can be set to unity, the longitudinal piezoelectric coefficient can be derived as
d33S = d33R ∗ (VS/VR) (3.9)
The static force was applied by a round surface contact, so that a point contact was
produced instead of an area contact. This is done to avoid clamping effects in the sample
due to friction [Bar04].
An additional slowly alternating force was applied by an actuator, which was driven by a
sinusoidal signal of 200 Hz. The generated voltages were measured using an oscilloscope.
Figure 3.8: Schematics of the Berlincourt-type setup used to measure d33
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3.2 Synthesis of BNT
Bismuth sodium titanate, Bi0.5Na0.5TiO3 (BNT), can be synthesized from oxide powders
using the well established solid state route. The following sections describe the raw mate-
rials, the details of the synthesis process, and the chosen parameters for calcination, green
body forming and sintering.
3.2.1 Synthesis Route
Bismuth sodium titanate was synthesized via a solid state reaction mechanism. The key
step is the heat treatment of the oxide powder mixture, which induces a decomposition of
the carbonate and a chemical reaction between all components. It is also referred to as
calcination.
Figure 3.9 shows the individual processing steps of the BNT synthesis from the starting
oxides to the finished ceramic specimen. Bi2O3, TiO2, Na2CO3—and, in the case of doped
BNT, Co3O4—were weighed in stoichiometric amounts and filled into zirconia jars (500 ml).
70 ml of ethanol and 400 g of zirconia milling balls (ø 5 mm) were added. The mixture was
homogenized in a planetary ball mill (Pulverisette 5, Fritsch, Idar-Oberstein, Germany) for
8 h at 150 rpm. After removal of the milling balls, the slurry was dried at 55 ◦C and ground
slightly with an agate mortar and pestle. A fixed amount of the powder mixture was filled
into an alumina crucible. It was covered with a lid to keep the atmosphere constant for
each calcination and to avoid contamination. The calcination was carried out at 800 ◦C in
muffle furnaces. The heating rate was 5 K min−1, the dwell time was 4 h.
The calcined powder was slightly crushed with an agate mortar and pestle and then
ground for 8 h in the planetary ball mill under the same conditions as for the mixture of raw
materials. The mean particle size d50 was 0.92 µm. After subsequent drying at 55 ◦C and
manual grinding, the finished powder was heated to 130 ◦C for at least 24 h to remove any
moisture. It was precompacted manually with a glass rod in a cylindrical shaped silicone
mold and compacted in a cold isostatic press (KIP E500, Paul-Otto Weber, Germany) at
120 MPa, yielding a green density of 60 %. The final dimensions of the green bodies were
ø = 9 mm with a height of 10 mm and ø = 13 mm with a height of 20 mm. Sintering was
either carried out in air in a muffle furnace (NH/11, Nabertherm, Lilienthal, Germany)
or in a TOM furnace. The sintering temperatures were 1000 ◦C, 1075 ◦C and 1150 ◦C,
respectively. Unless stated otherwise, the heating ramp was 5 K min−1 and the samples
were allowed to cool naturally. The samples were then cut into discs using a precision saw
(Accutom 50, Struers, Willich, Germany) with a diamond cutting wheel, and prepared for
the individual characterization methods such as XRD, SEM or XANES (see Chapter 3.1).
3.2.2 Choice of the Dopant Oxide
For cobalt doping, several cobalt oxides are available. The most stable oxide at ambient
conditions is the mixed-valent oxide Co3O4. It is reduced to the divalent oxide CoO at
900 ◦C in air [Hol95, Che03]. Although CoO is also stable at room temperature, it is
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Figure 3.9: Synthesis steps for BNT applied in this thesis
oxidized to Co3O4 when heated above 400 ◦C. The trivalent oxide Co2O3 is not available
as single phase material.
For this study, Co3O4 was added to the starting mixture. Initially, the ceramic was
also synthesized using CoO at the same concentration as Co3O4 to investigate the influence
of the cobalt oxidation state, but no differences were observed. DTA experiments showed
that Co2+ is simply oxidized to Co3+ below the formation temperature of BNT.
3.2.3 Raw Material Characterization
The solid state reaction route requires metal oxide or carbonate powders as starting materi-
als. Some properties of the starting powders, such as purity, grain size, and agglomeration
behavior can have a significant influence on the synthesis parameters. In addition, they
affect the properties of the final ceramic material directly (especially impurity atoms) as
well as indirectly (via the required mixing and heat treatment steps). The raw materials
thus need to be well characterized.
Table 3.2 gives an overview over the oxide powders used as starting materials for the
BNT synthesis. The purity of all powders was at least 99.7 % or higher. The impurities
and original particle sizes are listed in Table A.1 in the appendix. Since not all powders
were available with a sufficiently small particle size (∼1 µm), an additional milling step
was necessary.
The size of the Bi2O3 particles is critical for the calcination process [Aks10c]. Small
particles are desired to reduce the diffusion path lengths for the other elements into BNT.
The phase formation is accelerated and the dwell time for the calcination can be reduced
considerably. For this reason, Bi2O3 was ground separately in the planetary ball mill for 8 h
in ethanol (zirconia jar and balls). Subsequent grain size measurement (laser diffraction)
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Table 3.2: Starting powders for BNT synthesis:
Powder Bismuth oxide Rutile Sodiumcarbonate Cobalt oxide
Chemical
formula Bi2O3 TiO2 Na2CO3 Co3O4
Purity 99.975% 99.8% 99.95% 99.7%
Particle size d50 = 1.0 µmd90 = 2.1 µma
0.9 µm to
1.6 µm ca. 1 µm
b d50 = 1.1 µm
d90 = 9.7 µmc
Supplier Alfa Aesard Alfa Aesard AcrosOrganicse Alfa Aesar
d
a milled in planetary ball mill
b after mixing and milling with the other oxide powders
c milled in vibrating disc mill
d Alfa Aesar GmbH, Karlsruhe, Germany
e Acros Organics, Geel, Belgium
yielded a d50 of 1.0 µm and a d90 of 2.1 µm, close to the size of the TiO2 particles.
The dopant particles need to be finely dispersed in the other oxides to ensure a homo-
geneously doped mixture. Thus, the size of the Co3O4 particles (initially -325 mesh, that
is, particles of up to 37 µm can occur) was reduced as well. The powder was milled with
a vibrating disc mill (Pulverisette 9, Fritsch, Germany) in a tungsten carbide grinding set
(the powder quantity was too small for the available planetary ball mill).
SEM images of the individual powders after milling are shown in Figure 3.10. The
particle size d50 of the milled powder mixture was 1.1 µm, with a second small fraction of
larger particles (d90 of 9.7 µm).
3.2.4 Calcination Parameters
In the literature one finds a lot of different calcination procedures for bismuth sodium
titanate. Some of these do not lead to single phase BNT powders [Spr04]. Thus, differ-
ent time-temperature programs were carried out for this study to determine the optimal
calcination conditions with respect to the used raw materials (shown in Table 3.2). BNT
powder mixtures (pure BNT and BNT doped with 2.6 mol % Co) were heated in a muffle
furnace with a heating rate of 5 K min−1. The dwell temperature was between 600 ◦C and
800 ◦C, with a holding period of 4 h. Figure 3.11 exemplary shows the X-ray diffractograms
of the powder with 2.6 mol % Co calcined at different temperatures. While there are still
reactants present at 600 ◦C, no secondary phases were detected after a calcination at 650 ◦C.
This is in accordance with the results of Aksel et al. [Aks10c] for pure BNT. However, DTA
experiments showed that CO2 kept evaporating from the mixture up to 700 ◦C. Spreitzer
et al. [Spr07] observed that BNT initially forms with a Na deficit, but continues to react
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Figure 3.10: SEM images of the starting oxides: a) Bi2O3 (after milling), b) TiO2,
c) Co3O4 (after milling), d) Na2CO3.
to stoichiometric BNT after prolonged soaking times or higher temperatures Considering
these results, the calcination parameters for this study have been chosen as 800 ◦C with a
4 h soaking time to allow for a complete formation of stoichiometric BNT.
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Figure 3.11: Powder XRD of BNT with 2.6 mol % Co calcined at different tempera-
tures for 4 h; the formation of BNT without any XRD-detectable secondary phases is
finished at 700 ◦C (measuring time 2 s per 0.02° step).
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4 Data Evaluation
4.1 Simulation of XANES Spectra
Measured XANES spectra can be compared to spectra of known standards (‘fingerprint
analysis’, cf. Chapter 3.1.7) to identify the local atomic environment in the sample. How-
ever, when no standard spectra are available or it is difficult to synthesize appropriate
standard materials, the simulation of XANES spectra based on theoretical ab-initio calcu-
lations is a good alternative.
In this work, the FEFF9 code [Reh09] was used to simulate spectra of cobalt on lattice
sites in Bi0.5Na0.5TiO3 and several cobalt oxides which might have formed as secondary
phases (see Chapter 5.1).
A cluster of atoms with the absorbing atom at its center is required as input for the
calculations. For periodic crystal structures, a list of atoms for a chosen cluster size can
be generated using the ATOMS software [Rav01]. The program calculates xyz-coordinates
based on the space group, lattice dimensions and atomic positions of a crystal structure.
These coordinates are handed to FEFF9, which uses a self-consistent multiple scattering
approach to calculate XANES and EXAFS spectra. It employs a full Green’s function for
the chosen cluster of atoms. Muffin-tin potentials are used in the iterative calculation of
scattering potentials. To account for room temperature conditions, a Debye-Waller factor
can be included in the calculations. Details on the crystal structures used in this study
can be found in Table A.2.
4.2 Thermo-Optical Data Evaluation
4.2.1 Thermal Expansion Correction
The dimensional changes of a green body during sintering occur due to sinter shrinkage as
well as due to thermal expansion. The latter contribution is undesired for the analysis of
densification behavior and had to be removed from the measured shrinkage. To this end,
a pre-sintered BNT sample was heated in TOM (cf. Chapter 3.1.9) at a medium heating
rate of 5 K min−1. A second order polynomial was fitted to the recorded expansion curve
and used to correct the shrinkage data of sintering experiments.
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4.2.2 Kinetic Field Analysis
The kinetic field diagram was first introduced by Palmour in 1987 [Pal87]. This model-
free method is based on large sets of experimental shrinkage data, making it robust and
reliable. The kinetic field allows for the calculation of the apparent activation energies for
sintering, that is, for grain growth and densification. In addition, the relation between
densification and coarsening can be deduced. Furthermore, it can be employed to predict
densification rates for arbitrary time-temperature cycles of a specific material, or to calcu-
late the required time-temperature cycle in order to achieve a desired densification rate.
The densification rate for solid state sintering can be described by
1
3ρ
dρ
dt
= −dε
dt
= C1(ρ)γ
kGn
D0e
−Ea/RT
T
(4.1)
with ρ = density, t = time, ε = strain, C1 = constant depending on microstructure,
γ = solid-gas interface energy, k = Boltzmann constant, G = mean grain diameter, n = ex-
ponent depending on diffusion mechanism, D0 = diffusion coefficient, Ea = apparent activa-
tion energy (for diffusion and grain growth), R = gas constant, T = absolute temperature.
For the kinetic field analysis, eq 4.1 is transformed to
ln
(
−T dε
dt
)
= ln
(
C1(ρ)γD0
k
)
− nlnG− Ea
RT
(4.2)
Assuming the grain size G changes slowly with time, the activation energy for diffusion
can be obtained using an Arrhenius-type plot, the kinetic field diagram, which is shown
schematically in Figure 4.1b. The left hand side of eq 4.2 is plotted versus the inverse
absolute temperature for various values of ρ, which are collected during experiments with
different heating rates as shown in Figure 4.1a. The points of equal shrinkage (or density)
in those curves can be fitted to straight lines, the so called iso-strain lines (or equivalently
iso-density lines). Their slope yields the apparent activation energy. Further information
about the activation energy for coarsening relative to the one for diffusion can be gained
from the rotation of the iso-strain lines [Rae09c].
4.3 Determination of Depolarization Temperature
The depolarization temperature T d can be defined as ‘the temperature of the steepest
decrease of remanent polarization’ [Ant11]. Several different methods were used in the
literature to determine T d.
In this study, T d was derived from the dielectric measurement of the permittivity ε and
dielectric loss tan δ as a function of temperature (see Chapter 3.1.10). The two parameters
are related by
tan δ = ε′′/ε′. (4.3)
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(b) Kinetic field diagram of BNT
Figure 4.1: Construction of (b) the kinetic field diagram from (a) sintering exper-
iments with heating rates from 0.5 K to 5 K. In (b), iso-strain lines were fitted to
points of equal strain (black squares). ∆L/L0 is the engineering strain derived from
the sintering curves.
where ε′ and ε′′ are the real and imaginary part of the complex relative dielectric permit-
tivity.
The maximum of the first derivative of ε′, that is, its inflection point, was taken as
depolarization temperature. In samples with high dopant levels, the peak of the first
derivative tended to broaden and was completely obscured at low measurement frequencies.
In such cases, the first derivative of the imaginary part of the permittivity ε′′ was used
instead, because it displays the discontinuous change more clearly.
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5 Local Atomic Environment of Co
The phase formation of cobalt-doped BNT was investigated by means of X-ray diffrac-
tion and backscattering SEM. Additional quenching experiments were conducted to gain
information about the solubility of Co in BNT. The incorporation of Co in BNT was
verified via electron probe micro analysis (EPMA) and scanning transmission electron mi-
croscopy combined with energy dispersive X-ray analysis (STEM-EDX). Finally, the lattice
site preference of Co was determined by X-ray absorption near-edge structure (XANES)
experiments.
5.1 Phase Formation in Cobalt-Doped BNT
X-ray Diffraction
The formation of BNT from the oxides was presented in Chapter 3.2.4. A pure perovskite
phase was obtained after calcination.
The phase compositions of sintered, doped ceramics were determined from crushed and
milled powder samples. Si powder was added as internal standard (ca. 25 wt %) to allow
for the monitoring of peak shifts and the determination of lattice constants.
Figure 5.1 shows the powder X-ray diffractograms of selected BNT ceramics with vari-
ous cobalt concentrations. The reflexions of the perovskite phase do not display a detectable
shift of peak positions, regardless of the dopant concentration or sintering temperature.
The powder XRD pattern of pure BNT sintered at 1150 ◦C (a) is entirely composed of
perovskite reflexions. Similarly, BNT doped with 1.0 mol % Co and sintered at 1075 ◦C (b)
yielded single phase perovskite (within the sensitivity limits of XRD). The diffractograms
of BNT containing 2.6 mol % Co (c, d, e), however, show tiny additional reflexions at
35.2° and 42.8°. They occurred at all tested sintering temperatures (1000 ◦C, 1075 ◦C and
1150 ◦C). The corresponding crystal structure was identified as Co2TiO4, an inverse spinel,
that can form a complete solid solution with Co3O4 [Yan99].
The Co2TiO4 reflexions display an extremely low peak/background ratio. When the
diffractograms were recorded with shorter measuring times (see inset in Figure 5.1), such
as 2 s/0.02°, which is common for routine phase composition analyses, these peaks could
not be distinguished from the background noise. This means that they can easily be
overlooked, which might have been the case in some of the publications on doped BNT
that report single phase perovskite.
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Figure 5.1: Powder X-ray diffractograms of sintered BNT ceramics with internal Si
powder standard, recorded with 15 s per 0.02°: a) pure BNT, 1150 ◦C; b) BNT with
1 mol % Co, 1075 ◦C; c) BNT with 2.6 mol % Co, 1000 ◦C; d) BNT with 2.6 mol % Co,
1075 ◦C; e) BNT with 2.6 mol % Co, 1150 ◦C. The inset shows e) recorded with 1 s, 2 s,
4 s and 10 s per 0.02°.
On this basis, the calcined powders, too, were re-examined using counting times of
15 s/0.02°, but no additional phases were revealed as compared to a counting time of
2 s/0.02°. They can therefore be considered single phase within the limits of XRD sensi-
tivity.
Scanning Electron Microscopy
Since powder XRD was not sensitive enough to reliably reveal all secondary phases,
backscattering SEM (BSD) was chosen to assist in the task. Here, the contrast in the
SEM images is due to variations in the effective atomic number Z, where higher Z areas
appear brighter than those with lower Z (see also Chapter 3.1.5). Consequently, the con-
trast between BNT and Bi-free phases is very high. In powder XRD, on the other hand,
the heavy-element phase BNT hampers the detection of small quantities of low-Z phases.
The BSD images of polished, sintered sample surfaces were examined in combination with
EDX, so that the secondary phases could be identified via their atomic fractions.
The results are summarized in Table 5.1. Undoped BNT consisted of the pure per-
ovskite phase, in accordance with XRD. Similarly, BNT doped with the lowest cobalt
concentration of 0.1 mol % did not show signs of additional phases.
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Table 5.1: Secondary phases in sintered BNT ceramics doped with cobalt; phase compo-
sition according to EDX analysis:
Cobalt
concentration
[mol %]
1000 ◦C 1075 ◦C 1150 ◦C
0.1 - single phase single phase
0.5 NaCo0.5Ti3.5O8a
Co2TiO4
Na0.5Co0.2Ti1.7O4
Co2TiO4
Na0.8Co0.4Ti1.6O4b
1.0 Co2TiO4
Co2TiO4
Na0.6Co0.2Ti1.7O4
Co2TiO4
Na0.6Co0.2Ti1.7O4
2.6 Co2TiO4
Co2TiO4
Na0.8Co0.4Ti1.6O4b
Co2TiO4
Na0.8Co0.4Ti1.6O4b
10.6 - Co2TiO4Na1.6Co0.7Ti1.2O4
Co2TiO4
Na1.5Co0.8Ti1.2O4
a Shukaev and Volochaev [Shu95], Freudenbergite A, x = 0.8
b Shukaev and Volochaev [Shu95], Nonstoichiometric ferrititanate structure type, B, x= 0.8
Higher cobalt concentrations triggered the formation of secondary phases. A single sec-
ondary phase was detected at a sintering temperature of 1000 ◦C. At higher sintering
temperatures, two secondary phases coexisted. One of them was identified as Co2TiO4.
It was present down to dopant levels of 0.5 mol %, where it could not be detected using
XRD.
The other secondary phase contained Na in addition to Co and Ti. Due to its small
grain size, the determined stoichiometry given in Table 5.1 may be inaccurate, especially at
low dopant concentrations. The phase compositions resemble two sodium cobalt titanates
described by Shukaev and Volochaev in 1995 [Shu95].
Compared with Co2TiO4, the sodium-rich phase was only a minor constituent. For ex-
ample, BNT doped with 2.6 mol % Co and sintered at 1150 ◦C contained approx. 1.6 vol %
Co2TiO4, but only 0.3 vol % of Na0.8Co0.4Ti1.6O4 (determined via area analysis of SEM
BSD images). The overall amount of secondary phase was found to increase with increas-
ing cobalt concentrations.
Figure 5.2 shows the microstructure of BNT doped with 0.5 mol % and 2.6 mol % Co
sintered at two different temperatures (1000 ◦C and 1150 ◦C). Secondary phase grains are
exemplary marked by arrows. Co2TiO4 mainly formed well-developed grains with straight
edges and is located at the intersections of BNT grains (see e.g. Figure 5.2d), but it also
occurs as small rounded inclusions in BNT. At 1000 ◦C, the sodium-bearing secondary
phase formed similar crystals, while at a sintering temperature of 1150 ◦C, it lined the
surface of pores like solidified melt (also valid for 1075 ◦C). Qualitatively, an increase in
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20 µm
(a) BNT, 0.5 mol % Co,
1000 ◦C. Arrow marks sec-
ondary phase NaCo0.5Ti3.5O8.
20 µm
(b) BNT, 0.5 mol % Co,
1150 ◦C. Arrow pointing right
marks Na0.8Co0.4Ti1.6O4.
20 µm
(c) BNT, 2.6 mol % Co,
1000 ◦C.
20 µm
(d) BNT, 2.6 mol % Co,
1150 ◦C. Arrow pointing right:
Na0.8Co0.4Ti1.6O4, lining a
pore.
Figure 5.2: SEM backscattering images of cobalt-doped, sintered BNT samples (pol-
ished surfaces). Bright areas consist of BNT, black spots represent pores. All arrows
pointing left mark Co2TiO4; Other arrows: see individual captions.
the mean grain size and a decrease in the number of pores can be observed with increasing
sintering temperature. When sintered at 1000 ◦C, the grains of BNT doped with the higher
cobalt concentration grew larger than in the sample with low Co concentration (cf. Figures
5.2a and 5.2c). A systematic study of grain and pore size distribution and mean diameters,
though, was beyond the scope of this study.
Quenching Experiment
As reported above, all BNT ceramics doped with ≥0.5 mol % Co displayed the formation
of at least one secondary phase. It was considered possible that the secondary phase
formation stemmed from a cobalt precipitation reaction during the slow cooling process
of the sintered samples. This could be the case if the solubility of cobalt in BNT is much
lower at room temperature than at the sintering temperature and if the solubility limit was
exceeded during cooling. To elucidate this issue, a quenching experiment was conducted.
A green compact of BNT doped with 2.6 mol % Co was heated to 1075 ◦C under similar
conditions as previously sintered samples. After a holding period of 1 h to establish equi-
librium conditions, the sample was removed from the furnace. It was immediately dropped
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into a large pool of cold water to ensure rapid cooling (within a fraction of seconds) and
prevent precipitation. The quenched sample was then prepared for SEM and compared to
a conventionally sintered (1075 ◦C, 2 h) and slowly cooled sample (Figure 5.3). Apart from
a slightly smaller average grain size due to the shorter soaking time the samples show a
similar microstructure, particularly regarding the abundance and appearance of the sec-
ondary phases. These phases were therefore already present at the sintering temperature
and did not result from a precipitation effect. The quenched sample was also analyzed for
its cobalt content in BNT using electron probe micro analysis (EPMA) (see Chapter 5.2).
10 µm
(a) Cooled slowly
10 µm
(b) Quenched in water
Figure 5.3: Quenching effect on BNT doped with 2.6 mol % Co, sintered at 1075 ◦C.
The SEM-BSD images show the polished surfaces.
5.2 Incorporation of Co in BNT
Despite the formation of cobalt phases, a fraction of the dopant may have been incor-
porated into the BNT lattice. This possibility was tested by means of electron probe
micro analysis (EPMA), which features wavelength dispersive X-ray spectrometers, and
transmission electron microscopy combined with EDX. Both techniques possess a higher
sensitivity (factor of ca. 10) for trace elements than conventional SEM-EDX, which turned
out insufficient to detect Co in the BNT grains.
Electron Probe Micro Analysis
Figure 5.4 schematically shows a typical measurement area in an electron microprobe image
of BNT doped with 2.6 mol % Co. For the analysis of a single, visually phase pure grain,
a set of positions arranged on a grid of at least 6x6 spots was analyzed. Due to the large
number of spots, it is very unlikely that invisible Co2TiO4 grains located beneath the
surface of BNT contributed to all of the measured cobalt signals.
The concentration of Co in BNT was analyzed for doping levels of 0 mol %, 0.5 mol %,
1.0 mol %, 2.6 mol % and 10.6 mol % Co. The effect of quenching was also inspected.
Figure 5.5 exemplary shows the cobalt concentration measured on seven different grains of
BNT doped with 2.6 mol % Co (4 grids, 3 single spot measurements). All recorded values lie
well above the mean detection limit of (0.07± 0.01) mol % Co. The cobalt concentration
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10 µm
Figure 5.4: Electron probe micro analysis measurement procedure. White dots indi-
cate the individual spots of a typical grid measured inside a single grain of BNT. Here:
BNT doped with 2.6 mol % Co, sintered at 1150 ◦C.
varies from grain to grain, but scatters within the expected range (as indicated by the
σ-levels) around the mean concentration of (0.29± 0.03) wt %.
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Figure 5.5: Quantitative electron probe micro analysis of BNT doped with
2.6 mol % Co (sintering temperature 1150 ◦C). The figure shows the concentration
of cobalt in wt % measured on single phase grains of BNT; the differently hatched
areas indicate spots belonging to the same grains (grain 1: spots 1-36, grain 2: spots
37-73, grain 3: spots 74-109, spots 110-112: one grain each, grain 4: spots 113-192).
MDL = mean detection limit. Red hatched area = 1st sigma level of gauss distribution,
grey area = 2nd sigma level.
In Figure 5.6, the mean cobalt concentration in BNT is plotted in relation to the
initial cobalt concentration. It was above the detection limit for all doped samples and
in general increased with increasing dopant levels, except for 1.0 mol % Co. The effect of
maximum sintering temperature and cooling conditions was investigated for BNT doped
with 0.5 mol % and 2.6 mol % Co. Within the precision of the measurement, the obtained
concentrations did not indicate any dependence on the sintering temperature and were not
affected by quenching.
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Figure 5.6: Quantitative electron microprobe analysis: Effect of sintering tempera-
ture and cooling conditions on the cobalt concentration in the BNT grains. MDL =
mean detection limit, LT/HT = sintered at 1075 ◦C/1150 ◦C and slow cooling, Q = sin-
tered at 1075 ◦C for 1 h and quenched.
Transmission Electron Microscopy
The electron beam of the EPMA simultaneously probed a sample volume of approx.
(2× 2× 1) µm3. It was considered possible that the BNT grains contained nano-sized
exsolutions of a cobaltous secondary phase that were too small to be recognized in the
SEM images. They could thus also have generated a misleading cobalt signal. To verify
this, high-resolution TEM (HR-TEM) images were recorded and checked for any distor-
tions in the BNT lattice, which could originate from such precipitated cobalt phases due to
lattice mismatch. Figure 5.7 shows a HR-TEM image of BNT with 2.6 mol % Co sintered
at 1150 ◦C. No such distortions were observed in any of the tested grains (>5) and at
varying magnifications.
The same BNT sample was used to determine whether cobalt was distributed uniformly
in the BNT grains, or whether it was accumulated at the grain boundaries or the middle
of the grains. To this end, scans consisting of 20 or 40 spots arranged in lines (distance
between spots 40 nm and 20 nm, respectively) crossing grain boundaries were conducted
and analyzed. The results for the grain boundary scans shown in Figure 5.8 are presented
in detail in the appendix section (Figures A.1, A.2 and A.3). Cobalt was detected in all of
the examined BNT grains. Some elements were enriched at certain grain boundaries, but
there was no consistent trend. Other grain boundaries showed no anomalies at all. These
results indicate that cobalt is uniformly distributed in the BNT grains with no enrichment
or depletion at the grain boundaries.
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Figure 5.7: HR-TEM image of
BNT doped with 2.6 mol % Co, sin-
tered at 1150 ◦C.
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Figure 5.8: STEM image of BNT
doped with 2.6 mol % Co. Scans
across the grain boundary (1-3) con-
sisting of 20 and 40 points are
schematically shown by the black
lines.
Since XRD did not yield clear results on the incorporation of Co into BNT via peak
shifts, TEM was employed to determine whether Co was incorporated into BNT during
the calcination, or rather at the elevated temperatures of the sintering process. This cannot
be achieved using EPMA due to the comparably large diameter of the electron beam. For
the analysis, calcined BNT was prepared in such a manner that the particles were cut to
expose their core.
Figure 5.9 shows the STEM image of a BNT powder particle (2.6 mol % Co) after the
calcination. The cobalt concentration was measured at the edge as well as in the middle
of the grain. This procedure was repeated for several grains. Cobalt was detected in all
examined grains, with no preference for neither the grain rims nor the core. Thus, cobalt
was incorporated into the BNT lattice during the calcination.
Figure 5.9: STEM image of BNT powder doped with 2.6 mol % Co after calcina-
tion (800 ◦C, 4 h). Numbers state mol % Co as determined by semi-quantitative EDX
analysis at the indicated positions.
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5.3 Lattice Site Preference
The lattice site preference of Co was determined by X-ray absorption fine structure (XAFS)
experiments. XAFS is an element-selective technique, which can probe the local atomic
environment of all Co atoms simultaneously. The measured absorption signal is a superpo-
sition of all Co signals in their respective environments. In the vicinity of the absorption
edge, the measured XANES (X-ray absorption near-edge structure) spectra were compared
to theoretical calculations based on model structures (FEFF9 software [Reh09]). For a de-
tailed description, cf. Chapter 3.1.7.
Figure 5.10a shows the Co K-edge of BNT doped with 1.0 mol % and 2.6 mol % Co. The
signals from samples with lower Co concentrations were too weak to yield proper data. The
absorption edge is shifted from 7709 eV (Co metal) to 7720 eV. This is typical for absorber
atoms with a positive valence. The two spectra are identical within the resolution limits
of the method, apart from a small pre-edge feature, which is probably an artifact since it
did not occur repeatedly in the measurements.
Figure 5.10b provides a comparison of BNT doped with 2.6 mol % Co sintered at two
different temperatures: 1075 ◦C and 1150 ◦C. No significant difference was observed. Hence,
it is sufficient to consider one spectrum exemplary. In this case, BNT with 2.6 mol %
sintered at 1075 ◦C was chosen, since it had the best signal to noise ratio (in the raw data).
To check the agreement of calculated and measured data, a known structure was com-
pared to a theoretical calculation. Figure 5.11a shows the calculated spectrum of Co3O4
plotted together with the Co signal of Co3O4 powder in BNT. While the height of the
maxima and minima is somewhat overestimated, the positions of all peaks are reproduced
very well. A discussion of typical deviations between experimental and calculated spectra,
such as the one in height, can be found in the work of Modrow et al. [Mod03].
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Figure 5.10: XANES spectra of doped BNT at the Co K-edge: a) influence of dopant
level (1075 ◦C); b) influence of sintering temperature (2.6 mol % Co)
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Figure 5.11: Experimental XANES spectra of the Co K-edge: (a) Pure BNT powder,
mixed with 4 wt % Co3O4 compared to the calculated XANES signal of Co3O4; (b-d)
BNT doped with 2.6 mol % Co, 1075 ◦C, compared to calculated XANES spectra of (b)
Co2TiO4, (c) Co on the Bi-site (solid line) and Na-site (dashed line) of BNT, (d) Co
on the Ti-site of BNT.
As is known from the EPMA results, approx. 40 % of the total added Co was incorporated
into the BNT lattice, while the remaining Co formed the secondary phase Co2TiO4. Hence,
a XANES spectrum of cobalt-doped BNT is a superposition of Co atoms in BNT and Co
atoms in Co2TiO4.
Figure 5.11b shows the experimental XANES spectrum of BNT with 2.6 mol % Co
(1075 ◦C) together with the calculated spectrum of the secondary phase Co2TiO4. Due to
the high amount of secondary phase, there is already a clear resemblance.
Figure 5.11c and 5.11d compare the experimental spectrum to calculated spectra of
BNT structures, in which Co replaces the A-cation (either Bi3+ or Na+) and the B-cation
(Ti4+), respectively. The former spectra have their maxima at different energies than the
experimental data, and the overall match is poor. In contrast, when Co is incorporated at
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the B-site, some features of the experimental spectrum are reproduced fairly well, especially
the white line (first, strong peak above the edge energy).
A superposition of the calculated spectra of Co2TiO4 and Co on the two cation sites
of BNT is compared to the measured data in Figure 5.12. For the B-site calculation, a
very good agreement with the experimental data is reached, whereas the A-site spectrum
poorly reproduces the experimentally observed features, especially near the absorption
edge energy. Thus, it is reasonable to assume that Co can replace Ti in BNT to a certain
degree.
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Figure 5.12: Superposition of calculated XANES spectra: 40 % Co a) on the A-site
(replacing Na or Bi), b) on the Ti-site in BNT and 60 % Co2TiO4 versus measured
BNT with 2.6 mol % Co. Ratio of cobalt in the secondary phase and BNT is according
to EPMA analysis.
5.4 Discussion
5.4.1 Secondary Phases
When BNT was doped with more than 0.1 mol % Co, one (1000 ◦C) or two (1075 ◦C and
1150 ◦C) secondary phases formed. They could reliably be detected using backscattering
SEM, whereas the standard method, powder XRD, was not sensitive enough. In the
literature, BNT-BT doped with up to 2.3 mol % Co was reported to be single phase [Chu02,
Li04, Xu08a, Zha07], based on XRD measurements. The details on the measurement
parameters were not given. Considering the results presented above, BNT and BNT-BT
doped with Co or other elements might also have erroneously been believed to be free of
secondary phases. The example of Fe-doped BNT further supports this supposition: by
chance, a secondary phase was revealed during synchrotron diffraction experiments [Aks12]
(2 mol % Fe).
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Co2TiO4 was identified in all but one of the secondary phase bearing samples. Quench-
ing experiments showed that it had formed at the sintering temperature rather than being
the result of a precipitation process during cooling. This implies that Co2TiO4 is thermo-
dynamically stable at the sintering temperatures.
The other secondary phase, which was observed in very small quantities, varied slightly
in composition. This may be attributed to small grains which make an accurate determina-
tion of the composition via SEM-EDX difficult. The composition can be approximated by
the formula NaxCox/2Ti2−x/2O4 (and for 10.6 mol % by NaxCox/2Ti1−x/2O2), correspond-
ing to sodium cobalt titanates reported by Shukaev and Volochaev [Shu95] in their study
of the system Na2O-TiO2-CoO at 1000 ◦C. They observed that some of the compositions
melted fully or partially when heated to 1000 ◦C–1050 ◦C. This could explain the melt-like
morphology, especially since the sodium cobalt titanate grains in BNT with 0.5 mol % Co
sintered at 1000 ◦C, though probably slightly different in composition, still possessed a
hypidiomorphic shape.
5.4.2 Local Atomic Environment
Thorough investigations using EPMA and HR-TEM demonstrated that a fraction of the
added Co had been incorporated into the BNT lattice. BNT doped with 2.6 mol % Co, for
instance, can incorporate (1.0± 0.1) mol % Co. The results of STEM-EDX showed that
the incorporation reaction started during the calcination at 800 ◦C. This detection method
was only semi-quantitative. Hence, the concentration in the calcined and sintered sam-
ples cannot be compared quantitatively, opening up the possibility that the incorporation
reaction may be incomplete at this processing step.
The preferred cation lattice site of Co was identified via XANES. Theoretical calcula-
tions of model structures with Co replacing Ti in BNT were in good agreement with the
measured data. This also makes sense from a crystal chemical point of view, since the
ionic radius of cobalt is much closer to that of Ti4+ than to either Bi3+ or Na+ (cf. Table
5.2). Recently, Aksel et al. obtained a similar result for iron-doped BNT. Using electron
paramagnetic resonance, they demonstrated that Fe3+ is incorporated into BNT on the Ti
site [Aks10a]. With the same technique it was shown that Cu2+ can be incorporated at
the B-site of BNT-BT-KNN [Jo11].
The ionic radii of both Co2+ and Co3+ deviate slightly from that of Ti4+. When
cations of different size replace atoms in a crystal lattice, dimensional changes in the
lattice parameters due to radius mismatch can occur. As a consequence, the 2θ angles
change (cf. eq 3.1), leading to a shift of the peaks in XRD patterns. Such ‘peak shifts’
were reported by Xu et al. [Xu08b] for cobalt-doped BNT-BT, whereas—for similar Co
concentrations—they were not observed in this study.
However, only up to (1.0± 0.1) mol % Co was actually incorporated into the perovskite
(BNT + 2.6 mol % Co). This is a fairly small amount, which does not necessarily result in
detectable X-ray peak shifts. Again, the result is in agreement with Fe-doped BNT, where
the iron incorporation at the B-site had almost no effect on the lattice parameters [Aks12].
The shifts observed in the mentioned BNT-BT study by Xu and his team might be ex-
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plained by the particle size of their samples, which were in the sub-micrometer region, but
increased strongly with increasing dopant concentrations. In PZT the crystal symmetry
(tetragonal or rhombohedral at the MPB) was shown to depend on the particle size [Hel07].
5.4.3 Valence State
Under most circumstances, XANES also allows for the determination of cation valences.
The higher the oxidation number, the further the absorption energy is shifted toward
higher energies as compared to the neutral metallic state. Thus, it should be possible
to distinguish between Co2+ and Co3+. If Co is incorporated as Co2+, all Co atoms
in the ceramic have a valence of +2. If Co in BNT has a valence of +3, the overall
oxidation number is +2.4. Hence, a comparison of the edge energies of cobalt-doped BNT
spectra with standard spectra of pure Co3O4 (mean valence of +2.66) and pure Co2TiO4
(mean valence of +2.0) could have revealed the Co valence in BNT. However, the available
Co3O4 powders commonly contain approx. 10 wt % CoO as impurity phase. Moreover,
pure Co2TiO4 is not available on the market, and is difficult to synthesize in a quality
sufficient for a XANES standard.
Crystal chemical considerations might yet give a clue to the Co valence state. The
stability of a perovskite can be estimated with the help of the Goldschmidt tolerance
factor t [Gol26]:
t = RA +RO√
2(RB +RO)
(5.1)
Here, RA, RB and RO are the ionic radii of the A-site and B-site cation and the oxygen
anion, respectively. For a perfect cubic perovskite, t is equal to unity. Perovskites with
0.9 < t < 1.1 usually are stable, whereas larger deviations result in the crystallization of
other structure types. The tolerance factors for Co in both valences is given in Table 5.2.
The tolerance factor for Co3+ is closer to unity than that for Co2+, but both structures
probably would be stable. As mentioned before, the structure with Fe3+ (t = 0.91) is
stable, even though the ionic radius of Fe3+ is rather big. Thus, none of the two cobalt
valences can be excluded. Results from sintering experiments, however, indicate that Co
Table 5.2: Ionic radii in A˚ according to Shannon [Sha76]. The coordination number
(CN) is given in square brackets. The corresponding Goldschmidt tolerance t factors
for different B-site cations are also given.
Cation [CN] Ti4+ [6] Co2+ [6] Co3+ [6] Fe3+ [6] Na+ [12] Bi3+ [8]
Ionic radius 0.61 0.65 0.55 0.69 1.39 1.17
Tolerance factor t 0.94 0.92 0.97 0.91 - -
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is incorporated as trivalent cation during the calcination, but changes to the divalent state
above 950 ◦C (cf. Chapter 6.5.2).
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Figure 5.13: Measured cobalt concentration in BNT lattice versus total cobalt con-
centration in the samples as determined by EPMA. The dashed line with a slope of
1/3 represents the cobalt incorporation according to eq 5.1.
5.4.4 Quantitative Considerations
The amount of incorporated Co was determined by EPMA experiments. BNT doped
with 10.6 mol % Co displayed a cobalt concentration as high as 2.1 mol % (corresponding
to 0.58 wt %), suggesting that the actual solubility limit lies even higher. However, an
increased incorporation of Co seems to be coupled with an increased amount of secondary
phase, suggesting an equilibrium between Co in the main and secondary phases.
A quantitative relation between added and actually incorporated Co is shown in Figure
5.13. The following incorporation reaction is suggested (dashed blue line):
Co3O4
TiO2 Co'Ti + Co2TiO4 + 12 V
••
O (5.1)
Here, Co′Ti represents a cobalt atom on the Ti site with a negative effective charge, and
V••O denotes a vacant oxygen site with two positive effective charges.
When BNT is doped with Co3O4, one cobalt atom (here assumed to be Co3+) per
Co3O4 molecule substitutes for Ti4+. The remaining Co forms Co2TiO4 together with the
freed Ti atom. Thus, 1/3 of the cobalt amount is incorporated into the lattice, which is
represented by the blue dashed line in Figure 5.13. The experimental data fits well to this
theory. There is only a deviation at a Co concentration of 0.5 mol %, indicating that very
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small Co2TiO4 crystals may not be stable, which promotes higher cobalt concentrations in
the BNT lattice.
The aliovalent substitution of Ti is accompanied by an excess negative charge, which is
compensated for by the generation of one oxygen vacancy V••O per two substitutional Co
atoms. Oxygen vacancies enhance the mass transport during sintering of oxide materials.
In perovskites, the cations have lower diffusion coefficients than oxygen. However, since
the diffusion of anions and cations is coupled (cf. Chapter 6.5.1), the overall diffusivity also
benefits from vacancies which primarily increase the oxygen diffusivity. Oxygen vacancies
also affect the domain stability of ferroelectrics and generally result in a hardening effect.
These topics will be discussed in the following chapters.
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6 Sintering of Cobalt-Doped BNT
Knowledge of the processes taking place during heat treatment and sintering is essential
for the control of the final ceramic’s properties. Apart from the mass transport which leads
to densification, solid state reactions, diffusion processes not contributing to densification,
valence transitions and vaporization of atomic species need to be taken into account. The
following chapter compares the sintering behavior of cobalt-doped and pure BNT following
the three basic sintering stages (cf. Chapter 2.3.1) and investigates effects which occur
during the heat treatment.
6.1 Initial Sintering Stage
The sintering behavior of BNT was investigated by thermo-optical dilatometry in TOM
(cf. Chapter 3.1.9). Figure 6.1 shows the sintering curves of BNT with dopant levels from
0.0 mol % to 2.6 mol % Co. Pure BNT began to shrink at 856 ◦C and required temperatures
of 1150 ◦C to sinter to full density. Adding 0.1 mol % barely affected the sintering behavior.
Higher doping levels, however, lead to a drastic decrease in sintering temperatures. This
is illustrated in Figure 6.2. Here, the onset temperature of sintering, T onset, taken at 1 %
shrinkage, and the temperature of half shrinkage T 50 are plotted against the dopant level.
Both T onset and T 50 decreased with increasing dopant amount to similar degrees. The
most pronounced decrease was obtained for 0.5 mol % Co, while higher dopant levels had
a comparably smaller effect. Overall, the sintering temperature could be reduced by more
than 100 K by the addition of 2.6 mol % Co.
6.2 Intermediate Sintering Stage
Sintering with Uniaxial Load
To clarify whether the improved sinterability of Cobalt-doped BNT was due to liquid-phase
assisted sintering, sintering experiments with uniaxial load were carried out. The method
exploits the fact that a liquid film reduces the friction between particles and facilitates their
rearrangement. Hence, when a small load is applied to the green body during sintering,
preferential shrinkage in the direction of the external pressure will occur, whereas the
shrinkage will be reduced in the perpendicular directions.
54 6. Sintering of Cobalt-Doped BNT
6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 1 1 0 0 1 2 0 0
0 . 8 4
0 . 8 8
0 . 9 2
0 . 9 6
1 . 0 0
L/L
0

              	 
      	 
   
   
   
   
   
Figure 6.1: Sinter shrinkage of BNT doped with various amounts of Co; the heating
rate was 5 K min−1.
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Figure 6.2: Onset temperature TOnset and temperature of half sinter shrinkage T 50
for BNT doped with various amounts of Co; data extracted from the shrinkage curves
shown in Figure 6.1.
The load must be chosen small enough not to alter the sintering mechanism, that is, several
orders of magnitude below the sintering stress σ for solid state sintering. The sintering
stress can be estimated using the Young-Laplace-equation [Ger96] and depends on the
surface energy and the reciprocal pore radius of the material.
In the final sintering stage, σ lies around 1 MPa for this study’s BNT (for derivation, cf.
Chapter 6.5.2). The chosen load of 110 g corresponds to a pressure of ca. 8.5 kPa, which is
safely below the sintering stress. Figure 6.3a shows the shrinkage curves of pure BNT. Both
the width and the height shrunk almost identically for sintering with and without load.
In contrast, the shrinkage curves of BNT doped with 2.6 mol % Co shown in Figure 6.3b
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Figure 6.3: Sintering wit uniaxial load of a) pure BNT and b) BNT doped with
2.6 mol % Co in the TOM furnace. Two samples of the same batch were sintered with
and without a small vertical load of 8.5 kPa (ca. 110 g).
display a reduced sample height and increased sample width after sintering with load.
Though the effect is comparably small, it can nevertheless be attributed to liquid-phase
sintering. The deviation between horizontal and vertical shrinkage set in at 950 ◦C, that is,
in the last sintering stage. BNT with lower cobalt concentrations showed a correspondingly
smaller degree of liquid-phase sintering, but with similar onset temperatures.
Melting Experiments
The magnitude of the observed creep effect was fairly limited compared to other liquid-
phase sintering systems (cf. e.g. [Hua08]). Thus the amount of liquid phase was considered
to be rather small and consequently hard to detect. Neither SEM nor STEM-EDX showed
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the presence of a melt film or an enrichment of specific elements at grain boundaries in the
sintered samples (cf. Chapter 5.2). Hence, an indirect approach to determine the nature
of the liquid phase was pursued.
Selected powder mixtures were tested in TOM with regard to their melting temperature.
To this end, cylindrical samples of compacted powder mixtures were placed on a sintered,
polished BNT substrate and heated with 5 K min−1. Figure 6.4 shows the corresponding
setup observed by the TOM furnace camera (cf. Chapter 3.1.9). The powder mixtures
were composed of the same oxide powders as those used for the BNT synthesis.
Figure 6.4: Setup for melting experiments observed by the TOM camera: a com-
pacted powder cylinder is placed on a polished BNT disc on an alumina support.
The first powder mixture tested corresponded to the average stoichiometry of the
sodium cobalt titanate phase, Na0.8Co0.3Ti1.7O4, as determined by SEM-EDX (cf. Chapter
5.1). To account for a possible melting point depression, the composition was tested with
and without additional Bi2O3 (4 vol %). The second composition was NaBiO2, which could
develop in the BNT samples if Co2TiO4 formed with only minor replacement of Ti by Co
in BNT. Ti-deficient BNT, however, is unstable and tends to decompose into secondary
phases [Spr07]. TiO2 and CoO were added to NaBiO2 in small quantities.
Na0.8Co0.3Ti1.7O4 with and without Bi2O3 did not show signs of melting up to 1150 ◦C.
The powder compact began to shrink at ca. 1100 ◦C and slightly stuck to the BNT substrate
after the heat treatment. An XRD analysis confirmed the formation of a sodium cobalt
titanate reported by Shukaev and Volochaev [Shu95] (Na0.8Co0.4Ti3.6O8). NaBiO2, on the
other hand, melted completely at 670 ◦C. The liquid wetted the entire BNT surface, with
some Bi2O3 infiltrating the BNT substrate.
6.3 Final Sintering Stage
Figure 6.5 compares the final densities of pure and doped BNT as a function of temperature.
As expected from the literature, pure BNT required more than 1100 ◦C to sinter densely.
Doping with 0.1 mol % Co resulted in a similar behavior, that is, the density strongly
increased with increasing temperature. Doping with 0.5 mol % Co lead to comparably well
densified material at 1000 ◦C. At 1075 ◦C and 1150 ◦C the densities reached values above
those of pure and weakly doped BNT. When 1.0 mol % or 2.6 mol % Co was added, the
highest densities were obtained at the lowest sintering temperature of 1000 ◦C. Contrary
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Figure 6.5: Final densities of pure and doped BNT ceramics after sintering at the
indicated temperature for 2 h.
to the other compositions, increased sintering temperatures led to reduced final densities
for both compositions. These results are reflected in the sintering curves of doped BNT.
Figure 6.6 magnifies the final sintering stage of the curves shown in Figure 6.1. After the
minimum of the shrinkage curves is passed, samples doped with 0.5 mol % Co or more
begin to swell. The higher the doping level, the stronger the swelling. This effect is real
and not due to thermal expansion, which was corrected for as described in Chapter 4.2.1.
The swelling is more likely caused by gas trapped in closed pores of the samples, which
would explain the observed decrease in final densities mentioned above.
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Figure 6.6: Sintering curve of doped BNT during the final sintering stage showing
sample expansion (magnification of Figure 6.1); the expansion is attributed to the
release of oxygen caused by the reduction of Co3+ to Co2+. The gas is trapped in the
closed pores and exerts a pressure which counteracts the sintering stress.
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6.4 Kinetic Field
The kinetic field can be constructed based on the liquid-phase sintering model (cf. [Rae09b]).
However, it is sufficient in this case to use the simpler solid state sintering model, since
the liquid formation in cobalt-doped BNT concerns only the late final sintering stage at
temperatures above 950 ◦C, where the shrinkage of highly doped BNT is almost complete.
Optical dilatometry was used to obtain the shrinkage curves for pure and 2.6 mol %-doped
BNT. The heating rates were varied from 0.5 K min−1 to 10 K min−1 to obtain several dif-
ferent values for the density ρ at each temperature. The shrinkage curves are shown in
Figure 6.7. For both compositions, the onset temperature and the temperature of max-
imum shrinkage increased with increasing heating rates. This behavior is common and
attributed to the fact that at lower heating rates, the compact is exposed longer to the
respective temperatures and thus shrinks more strongly than faster heated samples [Sat96].
From the shrinkage curves in Figure 6.7 kinetic field diagrams were constructed by
plotting the logarithm of the strain versus the inverse absolute temperature, as described
in Chapter 4.2.2. Iso-strain lines were fitted to the points of equal shrinkage on all curves.
Figure 6.8a and 6.8b show the kinetic field diagrams for pure BNT and BNT doped
with 2.6 mol % Co. For selected iso-strain lines the engineering strain ∆L/L0 is indicated.
The iso-strain lines fitted to the shrinkage curves of pure BNT display an almost constant
slope. The horizontal shift is caused by grain growth [Rae09c]. In contrast, the iso-strain
lines of BNT doped with 2.6 mol % Co begin to rotate anticlockwise at higher sintering
temperatures, so that their slope decreases.
The apparent activation energies Ea are plotted in Figure 6.9. During the first half of
the sintering process, Ea is comparable for both compositions and varies only in a narrow
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Figure 6.7: Shrinkage curves of a) pure BNT and b) BNT doped with 2.6 mol % Co
at different constant heating rates.
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Figure 6.8: Kinetic field of a) pure BNT and b) BNT doped with 2.6 mol % cobalt.
The diagram was constructed using the shrinkage curves shown in Figure 6.7. ∆L/L0
is the engineering strain derived from the sintering curves.
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Figure 6.9: Comparison of the apparent activation energies Ea for pure BNT and
BNT doped with 2.6 mol % Co. The values were derived from the slopes of the iso-
strain lines in the corresponding kinetic field diagrams (Figures 6.8a and 6.8b).
range. In the second half, the apparent activation energy increases in the pure material,
whereas an opposite trend manifests for doped BNT.
6.5 Discussion
The effect of cobalt doping on the sintering behavior of BNT was investigated in comparison
to pure BNT. As shown in Figures 6.1 and 6.2, the addition of cobalt decreased the sintering
temperature and led to rapid densification. Doped BNT could be sintered to high final
densities at temperatures as low as 1000 ◦C, which is 150 K below the sintering temperature
of pure BNT. The densification was mainly achieved by solid state sintering mechanisms.
A small amount of liquid phase was generated above 950 ◦C. Samples with high dopant
concentrations displayed swelling when sintered at high temperatures.
6.5.1 Densification Behavior
In solid state sintering, the main mechanisms leading to densification are grain boundary
diffusion and lattice diffusion, which transfer material from the grain boundaries to the
pores (cf. Chapter 2.3). Lattice diffusion takes place via point defects which move through
the lattice. When Schottky type defects, that is, vacant atomic sites in a lattice are
present, atoms can move by exchanging their place with the vacancy. The atomic diffusion
coefficient D for this mechanism is directly proportional to the fraction of sites occupied
by vacancies. The densification rate during sintering, in turn, directly depends on D
(cf. eq 4.1).
In ceramics, the diffusion of the electrically charged cations and anions is coupled (‘ambipo-
lar diffusion’) [Rah03], because the stoichiometry and electroneutrality of the solid must
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be maintained. The slowest diffusing species along its fastest diffusion path limits the rate
of matter transport. In perovskites the diffusion coefficient of the cations is several orders
of magnitude lower than that of oxygen. It is possible that the diffusion, especially that
of the B-site cations, is facilitated by cobalt-doping, since Co3+ has a smaller ionic radius
than Ti4+ (0.55 A˚ compared with 0.61 A˚). Due to the coupled diffusion, however, enhanced
diffusivity of the faster species also serves to accelerate the diffusion of the slower species
[Rah03]. Hence, the effective diffusion coefficient of BNT benefits from the induced oxygen
vacancies (cf. Chapter 5.4) which enhance oxygen diffusivity [Chr10]. Similar effects of
aliovalent dopants on the sintering behavior of lead-free piezoceramics were reported and
attributed to oxygen vacancies, e.g. for iron-doped BNT [Wat07] or copper-doped KNN
[Wan12], which is a perovskite of similar structure as BNT.
While the introduction of 0.1 mol % Co appears to create a too small number of oxygen
vacancies to improve sintering, the fivefold amount (0.5 mol % Co) significantly enhanced
the densification. The comparably smaller effect of higher cobalt concentrations (1.0 mol %
and 2.6 mol %) could be due to clustering of oxygen ion vacancies, thus reducing the
efficiency of matter transport.
The enhanced diffusivity allows to sinter doped BNT to higher densities, since it facil-
itates pore removal by diffusion. This explains the high densities reached for BNT doped
with 0.5 mol % Co or higher.
6.5.2 Swelling of Doped BNT
The final density of highly doped BNT decreased with increasing sintering temperature.
This was reflected in the sintering behavior. After a minimum in the shrinkage curves
was passed, the bodies began to swell. This effect is generally observed when gas, which
is slightly soluble or insoluble in the solid, becomes trapped in pores. In that case, the
shrinkage stops when the gas pressure in the pores equals the driving force for sintering.
Now, the sintering process is controlled by the diffusional gas exchange between the pores.
A net flow of gas molecules from small pores to neighboring larger pores which have a
lower pressure sets in. The volume of the enlarged pores is greater than the sum of the
two original pore volumes, leading to an effective swelling of the ceramic body [Rah03].
In this study only the doped samples showed such a swelling effect, despite the high
diffusivity. It thus cannot be attributed to enclosed sintering atmosphere (in this study:
air), but rather suggests that cobalt-doping causes swelling by increasing the evaporation
of some species. In addition, since cobalt reduces the sintering temperature, it reduces the
temperature at which the pores close. As a consequence, gas which would otherwise have
evaporated and escaped through the open pore system can get trapped inside the ceramic
body. Diffusion is considered too slow to counteract the enfolding bloating effect within
the timescale of the sintering process.
The required gas pressure for swelling would have to be big enough to counteract the sin-
tering stress σ, which can roughly be estimated using the Young-Laplace-equation [Ger96]:
σ = γsv
(2
r
)
(6.1)
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where γsv is the solid-vapor interface energy, and r the radius of a spherical pore. γsv
typically ranges from 1 J m−2 to 2 J m−2 for oxides [Ger96, Rah03]. Assuming a pore
diameter of 1 µm, the sintering stress σ lies around 2 MPa for the studied material.
Bismuth is known to be the most volatile species in BNT [Nag06, Hir09]. The partial
pressure created by bismuth and bismuth oxide ions over solid BNT was calculated under
isochoric conditions at 1000 ◦C using the program FACTSAGE [Bal02]. It turned out to
be several orders of magnitude lower than the sintering stress. This is in accordance with
the literature, where significant Bi evaporation was reported to commence above 1100 ◦C.
Hence, even if cobalt-doping were to increase the evaporation of Bi, it is unlikely to cause
the observed swelling.
Another possible source of a gaseous species is related to a valence transition of Ti4+
to Ti3+. This was observed in BNT-Bi0.5K0.5TiO3 sintered in air and attributed to a
charge balancing effect during Bi vacancy formation [Che10]. The reduction leads to the
evaporation of oxygen, but is rather weak and thus would have to be strongly enhanced
by Co-doping to induce swelling.
Depending on the sintering atmosphere, valence changes of other transition elements,
e.g. Fe, Cr, or Co can occur. These generally result in the vaporization of certain atomic
species or molecules. For cobalt, common oxidation numbers include +2 and +3. The
reduction from Co+IICo+III2O4 to Co+IIO occurs at 900 ◦C [Che03] in air. If residual Co3O4
was present during the sintering process, it would have reacted to Co2TiO4 and be partially
incorporated into BNT. Hence, a fraction of the initially trivalent cobalt would have to
undergo a valence transition (even if Co was incorporated as Co3+). As a consequence
O2− would be released, which would get trapped in pores that closed early in the sintering
process due to inhomogeneous densification.
Furthermore, the incorporated Co in BNT itself could undergo the same transition
from Co3+ to Co2+. Such a valence change would be driven by the increase of entropy,
which becomes the dominating contribution to the free enthalpy at high temperatures.
Additional oxygen vacancies would be created in the BNT lattice by vaporization of oxygen
to balance charges. This mechanism directly scales with the dopant concentration. The
effect is further enhanced by the fact that the highly doped material sinters earlier and
thus possesses closed pores at lower temperatures than weakly doped or pure BNT. Hence,
the valence change of cobalt is considered the most likely cause for the observed swelling.
6.5.3 Liquid Phase Sintering
Doped BNT samples showed liquid-phase sintering behavior above 950 ◦C. The magnitude
of this effect was proportional to the dopant concentration, whereas the onset temperature
remained constant. In melting experiments, the sodium cobalt titanate powder mixture
appeared to remain solid up to 1150 ◦C. In contrast, NaBiO2 melted at 670 ◦C, that is,
almost 300 K below the observed effect. Hence, a more detailed investigation of the phase
formation in cobalt-doped BNT is required.
In general, several reactions of BNT with Co3O4 are conceivable:
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Bi0.5Na0.5TiO3 + x Co3O4 Bi0.5Na0.5(Ti1–xCox)O3–x/2 + xCo2TiO4 + x4 O2↑ (6.2)
(1− 32x)Bi0.5Na0.5TiO3 + 32xCo2TiO4 + 34x NaBiO2 + x2 O2↑ (6.3)
Bi0.5Na0.5(Ti1–3xCo3x)O(3–3x/2) + 3xTiO2 (6.4)
The last reaction (eq 6.4) can be discounted, since none of the applied phase analysis tech-
niques detected TiO2, which in addition has a melting temperature above 1800 ◦C. The
first reaction (eq 6.2) shows the incorporation reaction of Co into BNT as discussed in
Chapter 5.4. A reaction according to eq 6.3 also generates Co2TiO4, but BNT does not
incorporate any cobalt, which leads to an effective Ti-deficiency. However, Ti-deficient
BNT appears to be unstable. Spreitzer et al. synthesized Ti-deficient BNT and observed
two secondary phases, Bi2O3 and a sodium titanate (Na8Ti5O14), above 850 ◦C [Spr07].
In the case of cobalt doping, Ti is preferentially incorporated into Co2TiO4, possibly con-
suming too much Ti for the formation of a sodium titanate phase. Instead, superfluous
bismuth oxide and sodium oxide might form a NaBiO2 melt. Since NaBiO2 has a melting
point below the observed liquid-phase sintering effect, the decomposition of BNT either
requires higher temperatures (which is unlikely, given the results of Spreitzer’s group), or
the Ti-deficit only becomes significant at elevated sintering temperatures and triggers the
BNT decomposition. The latter could be explained by residual Co3O4, which gradually
incorporates Ti from BNT via diffusion. Hence, the amount of liquid phase generated is
limited by the Ti deficit in BNT, which is linked to the total dopant concentration.
At temperatures above 1000 ◦C, Bi2O3 preferentially evaporates from the melt film of
NaBiO2. The excess Na is accommodated in the sodium cobalt titanate phase. A possible
formation mechanism is exemplarily shown in eq 6.5:
1.4 Bi0.5Na0.5TiO3 + 0.4 Co2TiO4 + 0.1 NaBiO2 Na0.8Co0.4Ti1.6O4 + 0.4 Bi2O3↑ (6.5)
The melt-like appearance of the sodium cobalt titanate phase (cf. Chapter 5.1) is probably
due to partial melting, which was reported by Shukaev and Volochaev for some of the
compositions of the system Na2O-TiO2-CoO at 1000 ◦C to 1050 ◦C [Shu95].
6.5.4 Phase Development During Sintering
Figure 6.10 gives an overview over the possible phase sequence in cobalt-doped BNT. The
oxide and carbonate powders are mixed and calcined at 800 ◦C. The solid state reaction
produces Bi0.5Na0.5TiO3 which has incorporated some Co3+ instead of Ti4+. Although
not visible in XRD patterns because of the small amount, some Co2TiO4 must also have
formed. In addition, a solid solution spinel with the end members Co3O4 and Co2TiO4
is likely still present. Upon heating during the sintering cycle, the interdiffusion process
of Co and Ti between BNT and Co2TiO4 continues and generates Ti-deficient BNT. This
instable phase decomposes to NaBiO2, which forms a melt film on the grain boundaries
and causes a small degree of liquid-phase sintering. Gradually, Bi2O3 starts to evaporate
from the melt. Above 1000 ◦C, the excess Na stabilizes a sodium cobalt titanate phase that
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begins to melt partially at around 1075 ◦C. A valence change of cobalt in BNT from Co3+
to Co2+ at approx. 950 ◦C necessitates the evaporation of oxygen, which is trapped in the
closing pores and causes swelling.
Mixing 950+°C 1000+°C 1075+°C
Co3O4
O2+-+swelling
BNT+++Co3+
Co2TiO4
BNT+++Co2+
Co2TiO4
Na0.8Co0.4Ti1.6O4
NaBiO2
Bi2O3
800+°C
BNT+++Co3+
Co2TiO4
NaBiO2
Bi2O3
TiO2
Na2CO3
Bi2O3
Co3-xTixO4
reduction
Co,+Ti
Na,+Bi Na
Co,+Ti
partial
melting
Figure 6.10: Proposed reaction sequence in cobalt-doped BNT from starting powders
to sintering temperatures above 1075 ◦C.
6.5.5 Sintering Kinetics
As explained in Chapter 4.2.2, the kinetic field provides insight into the kinetics of the
sintering process of a ceramic. From the slope of the iso-lines in the kinetic field diagram,
the apparent activation energy Ea can be calculated. In addition, the relation between
densification and coarsening can be deduced.
To this end, it is helpful to compare the experimental results to theoretical simulations.
The sintering kinetics with various combinations of the activation energy for grain growth
EG and the activation energy for densification Eact were calculated in [Rae09b]. The iso-
lines were found to have a constant slope and parallel shift when EG and Eact were equal.
When the activation energy for grain growth EG was bigger than that for densification
Eact, an anticlockwise rotation of the iso-lines was obtained, and the apparent activation
energy Ea decreased. For an inverse relationship of EG and Eact, the rotation was clockwise
with increasing Ea.
The slope of the iso-strain lines of pure BNT was almost constant. Hence, the two
activation energies can be considered equal, probably with a tendency toward a higher
Eact, as the apparent activation energy increased slightly during the second half of the
shrinkage process (cf. Figure 6.9). In contrast, the iso-strain lines of BNT doped with
2.6 mol % Co began to rotate anticlockwise at about 850 ◦C and the apparent activation
energy decreased. Consequently, EG must be higher than Eact.
Two mechanisms related to doping can decrease the grain boundary mobility, both
of which are considered to contribute to the increase in EG. (1) The secondary phase
particles, mostly Co2TiO4, are initially finely dispersed between the BNT grains. They
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have a pinning effect on the grain boundaries [Rah03]. (2) A fraction of the dopant atoms
is dissolved in BNT. Due to electrostatic interactions, the solute (i.e., the dopant atoms)
may be distributed nonuniformly in the grain boundary. The diffusivity of the solute
across the grain boundary generally differs from that of the host material. When the
boundary starts to move, the generated concentration gradient results in a retarding force.
It can be overcome if a sufficiently high activation energy is provided. At fast heating
rates the required energy is provided at lower densities as compared to slow heating. The
grain boundaries can break free and cause secondary phase particles as well as pores to be
overgrown and enclosed inside grains. Figure 5.2d in Chapter 5.1 depicts this situation for
BNT doped with 2.6 mol % Co and a heating rate of 5 K min−1.
To summarize, the anticlockwise rotation of the iso-strain lines is probably due to
enhanced grain growth at higher heating rates, which slows the densification process.
6.5.6 Sintering Mechanisms
It was demonstrated above that cobalt-doping greatly reduces the necessary sintering tem-
perature of BNT while maintaining the desired high final density. This is achieved by two
co-active sintering mechanisms:
The first one involves the formation of a secondary phase, Co2TiO4, thereby generating
Ti vacancies in BNT. The second mechanism provides aliovalent Co3+ ions to replace
most of the missing Ti4+ ions in the BNT lattice. To maintain electroneutrality in the
perovskite, oxygen vacancies are generated, which enhance the bulk diffusivity of both
anions and cations. The mass transport at lower temperatures is thereby facilitated and
the densification promoted. The formation of a small amount of liquid phase due to the
Ti-understoichiometry in BNT further assists in the densification process.
An adverse effect to densification was found at high sintering temperatures. The dopant
atoms in BNT undergo a valence transition from Co3+ to Co2+, which causes additional
oxygen evaporation. The gas gets trapped in closed pores and exerts a pressure high
enough to overcome the sintering stress and induce swelling of the ceramic body. This
effect could be mitigated by sintering under high oxygen partial pressures and low sintering
temperatures. Control of the sintering atmosphere, e.g. by sintering with additional Bi2O3
powder in the furnace, might help to combat the issue of Bi vaporization. In turn, the
formation of the sodium cobalt titanate phase would be suppressed.
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7 Piezoelectric and Dielectric
Characterization
The dielectric and piezoelectric characterization is important to judge the quality of the
piezoceramic with respect to possible industrial applications. A great multitude of pa-
rameters can be measured under various conditions, depending on the information that is
desired. Since the piezoelectric properties of doped BNT were not the focus of this work,
the piezo- and dielectric characterization was limited to the following key parameters:
Piezoelectric coefficient d33, temperature-dependent dielectric properties (permittivity ε
and dielectric loss tan δ), and, derived thereof, the electrical conductivity and the depolar-
ization temperature T d.
7.1 Dielectric Permittivity and Loss Tangent
The relative dielectric permittivity at constant stress, εr, and the dielectric loss tan δ were
determined for samples sintered at 1075 ◦C via capacitance measurements. A frequency
range from 0.1 kHz to 1.0 MHz was covered simultaneously. Samples which were depolarized
(by preceding measurements above their depolarization temperature) showed very broad
peaks at the first phase transition temperature (temperature of depolarization T d), which
prevented the determination of T d. The transition signal could be enhanced by measuring
poled samples [Rob98] that had been aged for at least 24 h after poling. T d was then
determined from the first derivatives of the real and imaginary part of the permittivity
ε′ and ε′′, as explained in Chapter 4.3. Due to time constraints, the data for the sample
containing 1.0 mol % Co could not be recorded completely.
Figure 7.1 shows the dielectric permittivity and loss tangent of pure BNT and BNT
doped with 0.1 mol % Co from room temperature to 550 ◦C. A strong frequency dispersion
of the dielectric properties was found at all dopant levels. This is typical of a relaxor-type
behavior [Dan11].
In pure BNT, the first anomaly of εr at 200 ◦C is clearly visible for all frequencies tested.
In the doped sample, the observed apparent permittivity is higher than for pure BNT
and it increases more strongly with temperature. This is probably due to an increased
electrical conductivity of the doped material. As a consequence, the inflection point of
εr is no longer discernible at the lowest measurement frequency of 0.1 kHz. At dopant
68 7. Piezoelectric and Dielectric Characterization
Figure 7.1: Relative dielectric permittivities εr (solid lines) and loss tan δ (dashed
lines) of a) pure BNT and b) BNT doped with 0.1 mol % Co as a function of temper-
ature; the samples were aged for at least 24 h before measuring.
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concentrations of 0.5 mol % Co and higher, the contribution of the conductivity began to
mask the temperature of the phase transition almost completely (see Figure A.4 in the
appendix).
7.2 Electrical Conductivity
The AC (alternating current) electrical conductivity σ(ω) was calculated from the dielectric
measurements at a frequency of 0.1 kHz using the relationship
σ(ω) = ωε0ε′′(ω) = ωε0ε′tan δ (7.1)
with ω = angular frequency, ε0 = dielectric permittivity of vacuum (8.8514× 10−12 F m−1),
ε′ and ε′′ = real and imaginary parts of the relative dielectric permittivity. The results for
the poled samples are shown in Figure 7.2.
In general, the AC conductivity scaled with the measuring frequency. At 40 ◦C, the
doped material showed a slightly lower conductivity than pure BNT (cf. Table 7.1). When
the temperature was increased, the conductivity in doped BNT rose by approx. one order
of magnitude, which is much stronger than the increase in cobalt-free BNT. This effect was
more pronounced at low frequencies, indicating that the conduction mechanism is slow and
thermally activated, while at room temperature a faster mechanism is involved.
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Figure 7.2: Calculated AC conductivity of poled BNT samples at various frequencies
as a function of temperature. Solid lines - BNT, dashed lines - BNT with 2.6 mol %
Co. The graph of BNT at 0.1 kHz was interpolated from the original data which was
very noisy between room temperature and 150 ◦C.
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Table 7.1: AC conductivities of BNT and BNT doped with 2.6 mol % Co at 0.1 kHz
Conductivity [(Wm)−1] 40 ◦C 100 ◦C
Pure BNT 2.1× 10−7 3.0× 10−7
BNT + 2.6 mol % Co 1.8× 10−7 1.7× 10−6
7.3 Depolarization Temperature
Table 7.2 shows the depolarization temperatures T d of pure and doped BNT as a function
of the cobalt concentration. The values were derived from the first derivatives of ε′ and ε′′
as described in Chapter 4.3. For pure BNT, T d was found to be 209 ◦C.
With the addition of small amounts of Co, the depolarization temperature decreased
strongly. A further increase in the dopant level had no measurable effect. One should
however keep in mind that the phase transition temperature for BNT doped with 0.5 mol %
and 2.6 mol % Co was masked by the strong increase of the dielectric permittivity and thus
the values may be less accurate than for low dopant concentrations. Methods more suitable
to measure the depolarization temperature of samples with high electrical conductivity are
the temperature-dependent in situ determination of d33 or the temperature-dependent
resonance measurement [Ant11].
Table 7.2: Depolarization temperatures for pure and doped BNT (1075 ◦C)
derived from dielectric measurements:
mol % Co 0.0 0.1 0.5 1 2.6 0.0 [Hir09]
T d [°C] 209 192 188 - 191 187
7.4 Piezoelectric Coefficient
Figure 7.3 shows the piezoelectric coefficient d33 as a function of the dopant concentra-
tion and the sintering temperature. The highest d33 of (69± 1) pC N−1 was achieved
for pure BNT sintered at 1075 ◦C. When cobalt was added, the piezoelectric coefficient
dropped, at first rapidly, then much more slowly, down to a minimum of (38± 1) pC N−1
at 2.6 mol % Co. The d33 for samples sintered at 1150 ◦C had a comparable value of
(68± 1) pC N−1 for pure BNT and showed the same decrease with increasing dopant level
as for the samples sintered at 1075 ◦C. This decrease in piezoelectric coefficient is typical
of a ‘hard’ doping effect.
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Figure 7.3: Piezoelectric coefficient d33 of samples with varying cobalt concentrations,
sintered at 1075 ◦C and 1150 ◦C.
7.5 Discussion
The relative dielectric permittivity εr and the dielectric loss tan δ were determined as a
function of temperature. All samples showed a pronounced frequency dispersion. This
behavior is characteristic for relaxor-type materials like BNT [Ro¨d09, Dan11].
In the doped specimens, εr strongly increased with increasing temperature, to a point
where the first anomaly of εr, which indicates the temperature of ferroelectric-antiferro-
electric phase transition, was almost completely masked at the low frequencies. This is
a consequence of the high electrical conductivity of the samples, especially at elevated
temperatures.
The AC conductivity of pure BNT at 40 ◦C was comparable to values reported in the
literature (cf. [Nag01, Hir09], DC measurements). Doped compositions with a higher cobalt
concentration and thus a greater defect concentration showed an increased conductivity.
Hiruma et al. [Hir09] attributed the conductivity of BNT to Bi vacancies and the
resulting oxygen vacancies, but they did not specify the conduction mechanism. The
activation energy for ionic conductivity (oxygen ions) at room temperature is considered
too high to result in significant conduction at moderate temperatures [Che10]. Instead,
3d electrons from Ti4+ could enter the conduction band. Another contribution probably
arises from dipole relaxations, the dipoles being formed between Ti atoms and neighboring
oxygen vacancies [Mah07]. In order to determine the mechanisms leading to conduction
in the present study, more extensive experiments would be necessary, such as detailed AC
and DC measurements and impedance spectroscopy.
A depolarization temperature of 209 ◦C was found for pure BNT sintered at 1075 ◦C.
This is 22 ◦C above the depolarization temperature given by Hiruma et al. [Hir09], who
used the same method to determine T d. The difference might be due to the temperature
calibration of the respective heating devices used in the two studies.
With the addition of 0.1 mol % Co, T d decreased by 22 ◦C. A further increase in dopant
concentration did not affect T d. It remained constant at around 190 ◦C. This phenomenon
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might be related to insufficient poling as a result of the electrical conductivity.
The piezoelectric coefficient d33 for pure BNT was comparable to that found by Hiruma
and his group (69 pC N−1 as compared to 73 pC N−1 [Hir09]). Doping with cobalt led
to a decrease of d33. A similar behavior was observed by Xu et al. [Xu08b] for cobalt-
doped BNT-BT. Their depolarization temperature, though, increased with cobalt addition.
A different result was obtained by Li and his group [Li04], who reported an improved
piezoelectric coefficient d33 and explained this by enhanced grain growth in the doped
samples.
In PZT, cobalt acts as a ‘hard’ dopant [Xu91], that is, it leads to an increase of the
Curie temperature T c, but at the same time decreases d33, εr and tan δ. The lower-valent
Co3+ (or Co2+) replaces Ti4+ and thus causes oxygen vacancies for charge compensation.
These vacancies are believed to have a clamping effect on the domain wall motion [Mou03],
thereby increasing the coercive field EC. As a result, full poling is harder to achieve and
d33 will be lower than in non-doped materials poled under the same conditions. Similarly,
the poled ceramic is harder to depolarize, resulting in an increase of T d.
In this study, however, both d33 and T d were lowered by the addition of a supposedly
hard dopant. The most likely explanation is that owing to the high electrical conductivity
full poling could not be accomplished. As a result, the dielectric and piezoelectric properties
of the doped ceramic are inferior to those of pure BNT.
8 Conclusion
Bismuth sodium titanate, Bi0.5Na0.5TiO3 (BNT) is considered a promising lead-free alterna-
tive to piezoelectric lead zirconate titanate. Yet, up to now, the dielectric and piezoelectric
properties of pure BNT ceramics do not meet the requirements for practical applications.
Doping is one way to tailor and enhance the performance of BNT. However, the role of
dopants during the sintering process and their effect on the ceramic’s final properties has
so far received little attention from a microscopic point of view.
In this study the effects of cobalt-doping on BNT were investigated with regard to the
phase formation, the lattice site preference of the dopant, the sintering behavior and the
dielectric and piezoelectric properties. The results can be summarized as follows:
1. Cobalt-doping of BNT was invariably accompanied by the formation of the spinel
phase Co2TiO4 and small amounts of a sodium cobalt titanate phase when the to-
tal dopant level exceeded 0.1 mol % Co. The secondary phases were identified by
scanning electron microscopy combined with energy dispersive X-ray spectrometry
(EDX). In the literature, BNT-BaTiO3 doped with Co had so far been reported as
single phase. However, these reports were based on X-ray diffraction analyses, which
in this study were not sensitive enough to reveal additional phases either.
2. Electron probe micro analysis confirmed that about one third of the added dopant
was incorporated into the BNT lattice. An upper solubility limit of Co in BNT
could not be determined. The cobalt concentration in BNT continued to increase
with increasing dopant levels up to 2.1 mol % when 10.6 mol % Co were added. The
incorporation of Co was mainly accomplished during the calcination at 800 ◦C, as
demonstrated by scanning transmission electron microscopy combined with EDX.
3. The preferred lattice site of cobalt in the BNT structure was identified by X-ray
absorption near-edge structure (XANES) spectra. The experimental spectra were
compared to ab-initio calculations based on model structures of the local atomic en-
vironment of Co. Cobalt was found to occupy the octahedral B-site of the perovskite,
i.e., it replaced Ti4+. It was not possible to reliably determine the valence state of
Co by XANES due to the lack of proper standard materials, but results from the
sintering experiments suggest it was incorporated in its trivalent state. Above 950 ◦C,
Co3+ was probably reduced to Co2+ accompanied by the release of oxygen for charge
compensation. The trapped gas is believed to have caused swelling of the material
in the late sintering stage.
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4. To maintain charge neutrality in cobalt-doped BNT, oxygen vacancies were gener-
ated. The vacancies facilitate oxygen diffusion in the perovskite. Since the diffusivity
of the cations is coupled with the oxygen diffusion, the overall diffusivity was en-
hanced as well. As a result, the densification became significant at reduced sintering
temperatures as compared to pure BNT. High final densities were reached even at
1000 ◦C, which was 150 K below the sintering temperature of the non-doped material.
5. Regarding the sintering kinetics, cobalt-doping of BNT appeared to increase the
activation energy for grain growth, EG. The reasons are assumed to be a pinning
effect from secondary phase particles and pores as well as a dragging force from
incorporated cobalt atoms.
6. Contrary to expectations, doping with a supposedly ‘hard’ dopant did not increase,
but rather decrease the depolarization temperature. The piezoelectric coefficient d33,
too, dropped with increasing dopant concentrations. This was attributed to the high
electrical conductivity of the samples, which prevented full poling. The conductivity
probably is related to the relaxation of dipoles which are formed between Ti atoms
and neighboring oxygen vacancies.
To sum up, cobalt-doping provides a way to greatly reduce the sintering temperature while
at the same time allowing to sinter BNT ceramics to high densities. A low sintering temper-
ature has several advantages. First, the evaporation of Bi is less severe, which is expected
to be beneficial with regard to the piezoelectric properties. Second, the energy consump-
tion during the heat treatment process is reduced. Third, a lower sintering temperature
allows for the use of electrode materials with low melting temperatures.
It was demonstrated that cobalt is located on the Ti-site in the BNT lattice. The role
it plays during sintering was examined. In order to fully understand the way in which
cobalt modifies the dielectric and piezoelectric properties, however, further careful studies
are required. They should take into account possible effects from the secondary phases.
From an application point of view, adding 0.5 mol % Co yielded the best compromise
between the degrading effect on the dielectric and piezoelectric properties and the favorable
reduction in sintering temperature and obtainable density.
To limit the amount of Bi and O evaporation, sintering in a controlled atmosphere should
be attempted. Additional Bi2O3 powder and a high oxygen partial pressure at a low sin-
tering temperature might decrease the swelling and the Bi loss. It might also affect the
electrical conductivity, a decrease of which is expected to enable full poling and enhance
the piezoelectric properties.
This study, though certainly not exhaustive, shows that comprehensively examining the
effects of a dopant on a piezoelectric ceramic can help to understand in what ways the
material is being affected. Such knowledge will make it possible to select specific dopants
in order make systematic and targeted modifications of piezoelectric materials.
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A.3 STEM-EDX Line Scans
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Figure A.1: STEM-EDX line scan across grain boundary 1 in Figure 5.8.
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Figure A.2: STEM-EDX line scan across grain boundary 2 in Figure 5.8.
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Figure A.3: STEM-EDX line scan across grain boundary 3 in Figure 5.8.
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A.4 Dielectric Characterization of BNT
Figure A.4: Relative dielectric permittivities εr (solid lines) and loss tan δ (dashed
lines) of BNT doped with a) 0.5 mol % Co and b) 2.6 mol % Co as a function of
temperature; the samples were aged for at least 24 h before measuring.
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